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Abstract 
‘Coupled process’ implies that one process affects the initiation and progress of the 
others and vice versa. The deformation and damage behaviors of rock under loading 
process change the fluid flow field within it, and lead to altering in permeable 
characteristics; on the other side inner fluid flow leads to altering in pore pressure and 
effective stress of rock matrix and flow by influencing stress strain behavior of rock. 
Therefore, responses of rock to natural or man-made perturbations cannot be 
predicted with confidence by considering each process independently. As far as 
hydro-mechanical behavior of rock is concerned, the researchers have always been 
making efforts to develop the model which can represent the permeable 
characteristics as well as stress-strain behaviors during the entire damage process. 
A brittle low porous granite was chosen as the study object in this thesis, the aim is to 
establish a corresponding constitutive law including the relation between permeability 
evolution and mechanical deformation as well as the rock failure behavior under 
hydro-mechanical coupled conditions based on own hydro-mechanical coupled lab 
tests. The main research works of this thesis are as follows: 
1. The fluid flow and mechanical theoretical models have been reviewed and the 
theoretical methods to solve hydro-mechanical coupled problems of porous medium 
such as flow equations, elasto-plastic constitutive law, and Biot coupled control 
equations have been summarized. 
2. A series of laboratory tests have been conducted on the granite from 
Erzgebirge–Vogtland region within the Saxothuringian segment of Central Europe, 
including: permeability measurements, ultrasonic wave speed measurements, 
Brazilian tests, uniaxial and triaxial compression tests. A hydro-mechanical coupled 
testing system has been designed and used to conduct drained, undrained triaxial 
compression tests and permeability evolution measurements during complete loading 
process. A set of physical and mechanical parameters were obtained. 
3. Based on analyzing the complete stress-strain curves obtained from triaxial 
compression tests and Hoek-Brown failure criterion, a modified elemental 
elasto-plastic constitutive law was developed which can represent strength 
degradation and volume dilation considering the influence of confining pressure. 
4. The mechanism of HM-coupled behavior according to the Biot theory of  elastic 
porous medium is summarized. A trilinear evolution rule for Biot’s coefficient based 
 iv  
on the laboratory observations was deduced to eliminate the error in predicting rock 
strength caused by constant Biot’s coefficient. 
5. The permeability evolution of low porous rock during the failure process was 
described based on literature data and own measurements, a general rule for the 
permeability evolution was developed for the laboratory scale, a strong linear relation 
between permeability and volumetrical strain was observed and a linear function was 
extracted to predict permeability evolution during loading process based on own 
measurements. 
6. By combining modified constitutive law, the trilinear Biot’s coefficient evolution 
model and the linear relationship between permeability and volumetrical strain, a fully 
hydro-mechanical coupled numerical simulation scheme was developed and 
implemented in FLAC3D. A series of numerical simulations of triaxial compression 
test considering the hydro-mechanical coupling were performed with FLAC3D. And a 
good agreement was found between the numerical simulation results and the 
laboratory measurements under 20 MPa confining pressure and 10 MPa fluid pressure, 
the feasibility of this fully hydro-mechanical coupled model was proven. 
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摘 要 
耦合过程代表着多个行为之间或直接或间接相的互影响过程。岩石在加载过
程中产生的变形及损伤将导致内部渗流场发生变化，从而改变渗透性质；与此同
时，岩石内部渗流又将导致孔隙水压力与岩石骨架有效应力的变化，从而影响岩
石的应力应变力学行为。因此仅考虑单一过程的非耦合研究方法不足以完全描述
岩石在自然或者人为扰动情况下的力学行为。因此到目前为止，对岩石水力耦合
效应的研究一直是岩石力学领域的热点以及难点，研究者们正致力于建立一种能
够同时反应岩石破坏全过程中应力应变行为以及渗透特性变化的耦合模型。 
本文选取脆性低孔隙花岗岩作为研究对象，基于自行开展的水力耦合试验结果进
行研究，目标是建立一个能同时反应在水力耦合条件下岩石破坏过程中渗透特性
及力学变形特性标号的本构模型。主要工作开展如下： 
1. 回顾了流体渗流、弹塑性孔隙介质力学理论模型及求解水力耦合问题的理
论方法，总结了渗流方程、弹塑性本构方程以及 Biot 耦合控制方程； 
2. 在本系岩石力学试验室对取自德国萨克森州 Erzgebirge–Vogtland 地区的
花岗岩试件进行了一系列力学试验，包括：渗透性测试、 超声波波速测试、巴
西劈裂试验、单轴三轴压缩试验，并设计组装了一套水力耦合试验系统，开展了
排水及不排水条件下的三轴压缩试验，测量了花岗岩试件加载全过程中的渗透系
数变化，由此获得了一系列该地区花岗岩的物理力学参数。 
3. 通过对三轴压缩试验过程中的全应力应变曲线的分析，结合 Hoek-Brown
破坏准则，建立了一个能反应围压相关的岩石加载过程中强度跌落和体积膨胀力
学行为的修正弹塑性本构模型。 
4. 描述了基于 Biot 理论的弹性孔隙介质流固耦合行为的力学机制，并通过
试验观察总结了 Biot 系数的演化规律，由此建立了一个三段式 Biot 系数演化模
型，能够降低固定 Biot 系数所引起的对岩石强度错误估计。 
5. 通过文献以及自己开展的试验结果描述了低孔隙率岩石在破坏过程中的
渗透性的演化过程，建立了试验室尺度的一般脆性岩石渗透性演化规律，通过测
量花岗岩试件破坏全过程中的渗透率变化，发现了渗透系数与岩石试件体积应变
的线性相关性并提出了一个加载过程中岩石体积应变与岩石渗透性的线性关系。 
6. 将上述修正本构模型、Biot 系数演化模型以及渗透系数与体积应变线性关
系相结合，建立了一套流固耦合数值模拟方案并将之在 FLAC3D 软件中实现。进
行了一系列考虑流固耦合效应的数值三轴压缩试验，并将数值模拟结果与 20MPa
围压 10MPa 孔隙压力的三轴压缩试验结果进行对比，取得了良好的一致性，由
此证明了本文所提出流固耦合模型的有效性。 
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Chapter 1 
State of the art 
1.1 Scope of work and research procedure 
Hydro-Mechanical coupled studies can help us to deepen the understanding of 
deformation, failure mechanism, stability, fluid storage and hydraulic conductivity in 
ks and rock masses. 
The object of this study is a specific rock type: the brittle low porous granite (a 
potential host rock for deep geothermal energy projects – Enhanced Geothermal 
Energy - EGS). The aim is to establish a corresponding constitutive law including the 
relation between permeability evolution and mechanical deformation as well as the 
rock failure behavior under HM-coupled conditions based on own HM-coupled lab 
tests. The model development is based on the HM-coupled elasto-plastic theory and 
includes strain softening. A modified constitutive model is developed, which is able to 
represent the nonlinear degradation and the dilation behavior of brittle rocks on the 
basis of the non-linear Hoek-Brown failure criterion. In terms of the HM-coupling, 
the permeability change with ongoing mechanical deformation was investigated and 
implemented into the numerical model. The research program is shown in Figure 1.1. 
Mechanical Model
Modified constitutive law considering
the degradation and dilation behavior
HM-coupled relations
Biot consolidation theory 
Relation between permeabiltiy and strain
Hydraulic Model
Fluid flow model based on Darcy's law
HM-coupled numerical modelMechanical laboratory tests
Strength degradation and dilation constitutive law
Mechanical parameter determination
Heterogeneous  distribution
Coupled laboratory tests
Coupled parameter determination
Failure process under fluid pressure
Permeability evolution during failure process
Darcy's law
Permeability measurements
HM-coupled failure process 
simulation in laboratory scale
Geothermal reservior stimulation
process simulation
Geothermal production
process simulation
 
Figure 1.1: Research program. 
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1.2 Brief introduction to the hydro-mechanical coupling in rock mechanics 
1.2.1 Hydro-mechanical coupling in geological processes  
 
Figure 1.2: HM-coupling in geologic processes. 
'Coupled process' implies that one process affects the initiation and progress of the 
others and vice versa. Therefore, responses of rock to natural or man-made 
perturbations cannot be predicted with confidence by considering each process 
independently. In the early 1960s, hydro-mechanical coupling in geological media 
started to receive wide attention followed by a series of events induced by human 
activities including dam failures, landslides, and injection-induced earthquakes. Not 
only in geothermal systems, the effects of hydro-mechanical coupling are important, 
as shown in Figure 1.3. 
At a simple level, pore fluid controls deformation of porous media by bearing loads, 
and the deformation of porous media affects fluid pressure and flow by altering pore 
volume. This two-way interaction is a fundamental aspect of the HM-coupled 
processes in geological materials. Actually, the interaction is much more complicated 
than this.  
A series of researchers studied the HM-coupling and developed corresponding models. 
Jing & Feng (2003) presented an overview of multi-field coupled modeling concepts. 
THM-coupled processes are mainly described by the theory of porous media. The first 
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theory was Terzaghi's one dimensional consolidation theory of soils, followed later by 
Biot's theory of isothermal consolidation of elastic porous media, a phenomenological 
approach of poroelasticity. Mathematical models and associated computational 
methods are summarized in Figure 1.3. This work focus only on the HM-coupled 
processes, as shown in Figure 1.4. 
 
Figure 1.3: Basic mechanism of coupled THMC processes. 
In Figure 1.3 mechanical process M is characterized by σ - stress, W - dissipated 
energy (mechanical work), Km - deformability, St - strength, D - damage of rock and 
soil matrix, u - relative displacement, l - size, Fn - connectivity, and Kf - stiffness of 
fractures. Hydraulic process H is characterized by P - fluid pressure, V - fluid velocity, 
S - saturation, ρ - fluid density, ν - viscosity, φ - matrix porosity, K - permeability and 
e - fracture aperture. Thermal process T is characterized by T - temperature. Chemical 
process C is characterized by Tp - transports property, Pt - transport path and R - 
reaction rate. 
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H
Hydraulic process:
Darcian or non-Darcian Fluid flow
in matrix and fractures.
Surfacewater infiltration(recharge),
groundwater movement, seawater
intrusion, oil/gas flow in energy
reservoirs, hot/cool water pumping
and injection in geothermal energy
fields.
M
Mechanical process:
Stress , deformation, damage,
strength and failure in matrix;
Initiation, growth, coalescence,
damage and disp lacement of
fractures. Source: in-situ stress,
tec tonic movements , gravi ty,
excavations
Effective stress of matrix; Aperture-
pressure-stiffness function of fractures;
Capillary and swelling pressure-
relative saturation. (Well defined
coupling models)
Stress-deformation-damage effects on
matrix porosity and permeability, and
fracture tansmissivity and network
connectivitiy. (Well defined coupling
models)
Coupling Processes
 
Figure 1.4: Basic mechanisms of HM-coupled processes. 
1.2.2 Hydro-mechanical coupled theory  
 
Figure 1.5: Framework of HM-coupled models. 
According to the structure of the material HM-coupled models can be divided into 
two types: porous media and fractured media. The corresponding theoretical 
approaches can be classified into three major categories: continuum models, discrete 
models and double-porous models (Fig. 1.5). 
1.2.2.1 Continuum models  
Classical continuum models assume that the whole matrix is water-filled. Darcy's law, 
the continuity equation of fluid mechanics and the effective stress theory is used to 
establish the coupled partial differential equations. The stress and fluid flow field 
could be solved by classical poroelastic analysis methods. 
To explain the time dependence of soil consolidation after loading, Terzaghi (1923) 
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developed the "one dimensional consolidation theory", which is based on the concept 
of "effective stress" (Terzaghi 1943). 
e T pσ σ= −  
Total stress
σT
σe
Effective stress
P
Fluid pressure  
Figure 1.6: Effective stress concept. 
Rendulic (1936) extended Terzaghi’s consolidation theory to three dimensions, but 
also considering only vertical deformations. Biot (1941) presented the governing 
equations for coupled three-dimensional fluid flow and deformations in linear elastic 
porous media. Later, poroelasticity was expanded by Biot himself: incorporating 
mechanical anisotropy (Biot 1955), viscoelasticity (Biot 1955), finite deformations 
(Biot 1972), nonlinear theory (Biot 1973). Zienkiewicz (1984) expanded Biot’s 
consolidation theory to “Generalized Biot Theory”, which considers material and 
geometric nonlinearities. Notable contributions in this regard have also been made by 
Geertsma (1966), who used the theory to analyze stresses around boreholes as well as 
subsidences due to petroleum extraction, Verruijt (1969), who applied the theory to 
analyze reverse water-level fluctuations near pumped wells (the Noordbergum effect), 
Cooley (1975) who showed how Biot’s theory relates to standard groundwater 
equations, and Rice and Cleary (1976), who recast poroelastic relations using 
common physical quantities and developed solutions for certain specific problems. 
More recently, van der Kamp and Gale (1983) have developed poroelastic 
descriptions of earth tide and barometric effects. Important syntheses include a 
concise but clearly presented overview of poroelasticity, including analytical and 
numerical solution techniques, was contributed by Detournay and Cheng (1993) and a 
comprehensive monograph published by Wang (2000). Recently, researchers try to 
apply Biot's theory into different constitutive relations, multiphase flow, and 
unsaturated media. 
Snow (1968) introduced the permeability tensor, which characterizes the anisotropy 
of fracture network and fluid flow. 
Chapter 1 State of the art 
 
 
6  
REV (Representative Elementary Volume) was first presented by Bear (1972). REV 
is the minimum volume which can reflect statistical averaging characters of material. 
REV reflects the relationship between micro- and macrostructure, discreteness and 
continuousness, and randomness and determinacy.  
Volume
100%
Po
ro
si
ty
 n
 (%
)
V1 V2 V3
 
Figure 1.7: Representative Elementary Volume (modified after Bear, 1972). 
Fractured media can be considered as equivalent continua based on equivalence of 
permeability tensor if the considered volume is greater than REV, consequently can 
be studied directly using the theories and methods of poroelastic continuum theory.  
1.2.2.2 Discrete fracture models 
In rock masses fluid flow often takes place more or less only along discrete fracture 
planes or channels (fracture networks). Corresponding models can be established by 
using the fluid mass balance principle at cross-points of fractures combined with 
stress-permeability relations of single fractures to solve the stress and flow field. 
Models for the macroscopic hydromechanical behavior of fractures have been 
deduced from theories of microscopic behavior of rough fractures: bed-of-nails model 
(Gangi, 1978), Hertzian contact model (Walsh, 1981), aperture frequency model 
(Neuzil and Tracy 1981) and the aperture-void model by Tsang and Witherspoon 
(1981). 
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Figure 1.8: The "Bad of nail" model [Gangi (1978)]. 
The oldest and simplest model for fracture flow was that of viscous flow between two 
parallel plates ("cubic law"). Boussinesq (1968) found, that the fracture’s flow 
capacity is proportional to cube of fracture aperture if flow takes place between two 
parallel plates. Quite a few empirical models have been used to match observed 
fracture permeability (e.g. Nelson 1976, Kranz 1979, Liu et al. 2001). 
1.2.2.3 Double-porous models 
Double-porous models consider fractured rock as dual media with both, pore structure 
and fractures. Fractures are considered as fluid flow channels and porous rock matrix 
as fluid storage reservoir. The two models are connected by fluid exchange equations 
between porous rock matrix and fractures to establish coupled equations to solve 
stress and flow field. 
 
Figure 1.9: Double-porous media [modified from Wu, Y. (2000)]. 
Both media equally distributed in a region and considered as one continuum was first 
published by Barenblatt et al. (1960). Warren and Root (1963), Boulton and Streltsova 
(1977), Valliappan and Khalili (1990) and Bai and Roegiers (1994) put forward their 
own double-porosity models. Their models differ in their generalization of the two 
media and the fluid flow between the two media (Zhao 2009). Xu (2000) developed a 
generalized double porosity model, which consideres huge fractures as discontinuous 
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media and tiny fractures as nonhomogeneous anisotropic equivalent continuum media, 
where fluid exchange between them occurs on the faces of the huge fractures. 
 
Figure 1.10: Generalized double porosity media. 
1.2.3 Numerical considerations 
Over recent decades, numerical models have gradually replaced analytic solutions and 
physical models to solve rock mechanical problems. Numerical models have many 
advantages, including the ability to incorporate all the idiosyncratic discontinuous, 
inhomogeneous, anisotropic and non-elastic features of real rock. HM-coupled 
problems are extremely complex and for most cases analytical solutions are not 
available. At present, even the most sophisticated numerical methods are not able to 
simulate the complex non-continuous deformation process in rocks including pre- and 
post-failure range, fracturing and multi-field coupling. Therefore, numerical models 
still focus on the simulation of the main features and the modeler should chose the 
most appropriate methods according to the modeling task and the rock or rock mass 
characteristics (Konietzky 2001, Zhang 2010). 
Konietzky (2001, 2006) as well as Jing and Hudson (2002) presented an overview 
about state-of-the-art using numerical methods to simulate HM-coupled processes. 
The most popular numerical methods to solve rock mechanical problems are: (1) 
Continuum methods — the finite difference method (FDM), the finite element method 
(FEM), and the boundary element method (BEM); (2) Discontinuum methods—the 
discrete element method (DEM) including particle methods (PM); (3) Hybrid 
continuum/discontinuum methods. Figure 1.11 illustrates the discretization concepts 
for fractured rocks using FDM/FEM, BEM and DEM. 
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Figure 1.11: Representation of a fractured rock mass by (a) FDM, (b) FEM, (c) BEM and (d) DEM 
[Jing (2003)]. 
Continuum methods (FDM, FEM, BEM) 
The FDM is the oldest numerical method to obtain approximate solutions to PDE’s in 
engineering, especially in fluid dynamics, heat transfer and solid mechanics. The 
continuum is represented by a series of discrete grid points at which displacements, 
velocities and accelerations are calculated. The field values are computed by 
approximating the differential equations by a set of difference equations (central, 
forward or backward) that are solved discretely at each grid point or zone, 
respectively. No local trial (or interpolation) functions are employed to approximate 
the PDE in the neighborhoods of the sampling points, as is done in the FEM and BEM. 
It is therefore the most direct and intuitive technique for the solution of the PDE’s. 
This also provides the additional advantage of more straightforward implementation 
of complex constitutive material behavior, such as plasticity and damage, without 
iterative solutions of predictor corrector mapping schemes which must be used in 
other numerical methods using global matrix equation systems such as FEM or BEM. 
The FEM has even more flexibility as the FDM, because the accuracy is increased by 
introducing different element types with corresponding shape functions. Within the 
BEM only the boundary of the body is discretized and consequently, the problem 
dimension is reduced by one. BEM models are therefore simpler in geometry and 
faster during the solution procedure, but have the disadvantage to be restricted to 
relatively simple material behavior. 
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Discontinuum methods (DEM) 
The essence of the DEM is to represent a medium as an assemble of blocks, which 
can be in contact with each other. The DEM solves the equations of motion of these 
blocks through continuous detection and treatment of contacts between these blocks. 
The blocks can be rigid or deformable with either internal FDM or FEM discretization. 
DEM can handle large displacements and rotations caused by body motion of 
individual blocks including fracture opening and complete detachments.  
Hybrid continuum/discontinuum methods 
Hybrid models are used in rock engineering, basically for flow and stress/deformation 
problems of fractured rocks. The main types of hybrid models are combinations of 
BEM/FEM, DEM/FEM and DEM/BEM. BEM is most commonly used for simulating 
rocks as an equivalent elastic continuum (far-field models), and the FEM and DEM 
are applied for non-linear or fractured rocks where explicit representations of 
fractures and/or non-linear mechanical behavior, such as plasticity, are needed 
(near-field models). The choice of the most appropriate method depends on many 
problem-specific factors, but mainly on the scale problem and fracture system 
geometry. A continuum approach can be used if only a few fractures are present and if 
fracture opening and complete block detachment are not significant (Figure 1.12 (a) 
and (d)). The discrete approach is most suitable for moderately fractured rock masses 
where the number of fractures is too large for the continuum-with-fracture-elements 
approach, or where large-scale displacements of the individual blocks are possible 
(Figure 1.12 (c)). For all other cases, the continuum-discrete models, termed hybrid 
models are recommended (Figure 1.12 (e)). 
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Figure 1.12: Suitability of different numerical methods for an excavation in a rock mass: (a) continuum 
method; (b) either continuum with fracture elements or discrete method; (c) discrete method; and (d) 
continuum method with equivalent properties; (e) hybrid model [Jing (2003)].  
(e) 
(d) (c) 
(a) (b) 
Persistent 
discontinuities 
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1.3 A brief introduction to Enhanced Geothermal Systems (EGS) 
1.3.1 General overview 
Earth's geothermal energy originates from the formation of the planet, 
from radioactive decay of minerals, from volcanic activity, and from solar energy 
absorbed at the surface. The geothermal gradient drives a continuous conduction of 
thermal energy in the form of heat from the core to the surface. Geothermal energy is 
nearly inexhaustible and therefore a very interesting option for so-called green 
energies. 
 
   a) Heating                           b) Electricity production 
Figure 1.13: Geothermal energy applications. 
Enhanced Geothermal System (EGS) is a new type of geothermal power technologies 
that do not require natural convective hydrothermal resources. Until recently, 
geothermal power systems have only exploited resources where naturally occurring 
heat, water and rock permeability is sufficient to allow energy extraction from 
production wells. However, the vast majority of geothermal energy is stored in dry 
and non-permeable rock formations (U.S. Department of Energy 2008). 
The EGS principle is illustrated in Figure 1.14: in the deep subsurface where 
temperatures are high enough for power generation (150-200 °C) an extended fracture 
network is created and/or enlarged to act as heat exchanger. Via injection, stimulation 
or fracturing techniques fractures will be mobilizes (shear events or tensile events) 
within the rock mass enhancing the permeability of the fracture system. Water from 
the surface is transported through this deep heat exchanger using injection and 
production wells, and recovered as steam/hot water. Further surface installations 
complete the circulation system. The extracted heat can be used for district heating 
and/or for power generation. 
Chapter 1 State of the art 
 
 
13  
Geothermal power is reliable, sustainable, and environmentally friendly. It will also 
be economic, if flow rates above 100 l/s will be reached. The use of Enhanced 
Geothermal Systems can make a significant contribution to mitigate global 
warming by replacing fossil fuels. 
 
Figure 1.14: Enhanced Geothermal System [U.S. Department of Energy (2008)]. 
1.3.2 Problems 
Pilot projects and first commercial projects (e.g. Soultz project of the EU) have 
documented, that geothermal systems on a hydrothermal basis work quite well, but 
the application to Hot Dry Rock (HRD or EGS) is still under research. A few key 
questions are not yet finally solved, e.g.: What geological conditions are suitable for 
EGS? How can heat exchanger be created with sufficient flow rates? How can 
induced seismicity be avoided? How can costs for drilling and stimulation be reduced? 
What is the optimum design for an underground heat exchanger? How does the 
hydro-mechanical coupled behavior of the host rocks influence the stimulation, 
fracturing and longterm behavior of the heat exchanger? How do rock mechanical 
parameters and in-situ stress field influence fracturing and stimulation and how can 
these values be measured? How can underground fracture propagation be controlled? 
Both, the mechanical (M) and the hydraulic (H) relations and parameters of the rocks 
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have to be determined, but also the coupling between them. A key issue is the 
understanding of the HM-coupled failure mechanism (peak and post failure regime). 
A series of large long-term scientific research projects (e.g. DECVOVALEX and 
BENCHPAR and specific research projects in underground research labs like URL in 
Canada, Yucca Mountain in US, Grimsel in Switzerland, Bure Site in France and Mt. 
Terri in Switzerland) have led to a better understanding of HM-coupled mechanisms. 
But studies of crack propagation, localization and permeability evolution of low 
porosity hard rocks are still in the exploratory stage (U.S. Department of Energy 
(2008)).  
Because granite is a well suited and widely spread potential host rock for EGS and 
Germany (State of Saxony) is planning a pilot EGS project in such a formation this 
study focus on the investigation of the hydro-mechanical coupled 
stress – strain - permeability behavior of granite from the mountain area “Erzgebirge” 
in Saxony.  
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Chapter 2 
Fluid flow in rock material 
2.1 Introduction 
Fluid flow within soils or rocks is a key issue in several geo-engineering areas such as 
water dam constructions, underwater constructions, petroleum engineering, nuclear 
waste disposal, geothermal energy production etc. 
The fluid flow process in rocks depends on the microstructure of the rock mass. As a 
natural geological material, the rock mass is characterized by pores, fissures, 
microcracks and other discontinuities. The existence of these structural defects does 
not only influence the mechanical parameters but also the permeability characteristics 
of the rock mass.  
 
Figure 2.1: Model concepts for the description of rock with different structures [Dietrich et al. (2005)]. 
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The voids and fissures inside rock (rock mass) are the main channels and locus for the 
fluid migration, therefore the fluid flow characteristics are controlled by the shape, 
size, connectivity and distribution of voids and fissures. 
In order to set up models for systems with such varying characteristics of rock 
structure, different model concepts are necessary. Three principal approaches are 
proposed by Dietrich et al. (2005). 
1. Assuming that the concept of the representative elementary volume (REV) is valid 
and that the scale of the area under investigation is sufficiently large, an 
equivalent continuum approach is possible. It is considered to be a feasible 
approach for describing poorly fractured rock (type I) and rock with a very high 
fracture density (type II) on a smaller scale.  
2. If the flow and transport processes in the fractured media are dominated by shear 
zones or fracture systems, it is feasible to describe these features explicitly, 
neglecting the rock matrix and using a discrete fracture network model 
(consideration of each single fracture) (type III). 
3. Another approach is the combination of these two approaches. If the porous rock 
matrix can be idealized as a continuum with averaged material properties, a model 
can be set up where a continuum model, accounting for the matrix, is coupled with 
a discrete model considering the fractures (type IV). This is called double fracture 
system by Barenblatt (1960). 
2.2 Fluid flow in fractured rock 
 
Figure 2.2: Laminar flow between two parallel plates. 
The fracture network is the main channel for fluid flow in fractured rock, whose 
permeability is 5~6 orders of magnitude larger than the rock matrix. A deeper 
understanding of the flow through a single fracture is therefore an essential basis to 
set up models for fluid flow and transport in fractured rock.  
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The oldest and simplest model of fracture flow is that of viscous laminar flow 
between two parallel plates (see Figure 2.2), which is governed by the well-known 
‘‘cubic law’’ (Bear 1972).  
 
3
112
g b hQ l
x
ρ
µ
∂= − ∂  (2.1)
where µ is dynamic viscosity, ρ is density.  
The cubic law has been used to calculate fluid flow rates considering certain 
dimensions, i.e. plate length, height and separation distance, and has been applied to 
single natural fractures (Dietrich et al. 2005). 
 
Figure 2.3: From nature to parallel plate concept [Dietrich et al. (2005)]. 
As shown in Figure 2.3, this smooth parallel-plate model based on the cubic power 
law has been widely accepted by rock mechanics researchers. However, it is difficult 
to transform the rough natural rock fractures into an equivalent parallel - plate model. 
Numerous studies were performed in respect to the applicability of cubic law to actual 
rough fractures. Brown (1987) showed that the validity of the cubic law depends on 
the normal stress. Amadei and Iannasekare (1994) suggested a variety of adjustments 
for the cubic law based on laboratory results.  
 
Figure 2.4: Cement samples with single joint and various JRC [He et al. (2010)]. 
Based on typical joint roughness profiles proposed by Barton and Choubey (1977), 
(a) JRC=0~10 
(b) JRC=10~20 
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ten cylindrical concrete samples with single fracture and different joint roughness 
coefficients (JRC, Figure 2.4) were produced and permeability tests were conducted at 
various effective stresses by He et al. (2010). The test results show that the JRC has 
significant effect on the permeability of a single joint under low effective stress, and 
the effect of JRC on the permeability of single joint decreases rapidly with increasing 
effective stress. 
Currently, there are three main trends of fluid flow modeling approaches for fractured 
media. One is to ignore the permeability of the porous rock matrix and to use 
hydraulic and geometric fracture parameters including fracture size, shape and 
attitude to describe the flow field in the rock (discontinuum approach). Another is to 
average the flow in fractures with a permeability tensor to represent the permeability 
of whole rock mass, a representative elementary volume (REV) should be assumed in 
respect to equivalent hydraulic parameters. The third is to take the fractured rock as a 
continuum of double porosity, assuming that the fractured rock is composed by 
porous and fractured parts equally distributed in the area under investigation.  
2.3 Fluid flow in porous rock 
2.3.1 Rock as a porous medium 
 
Figure 2.5: Porous rock media and fluid flow in it. 
Porous media can be defined by the following characteristics (Bear, 1975): 
(a) A portion of space occupied by heterogeneous or multiphase matter. At least one 
of the phases comprising this matter is not solid. The solid phase is called solid 
matrix. That space within the porous media domain that is not part of the solid 
matrix is referred to as void space or pore space. 
(b) The solid phase should be distributed throughout the porous media within the 
domain occupied by a porous medium. Solid must be present inside each 
representative elementary volume.  
(c) At least some of the pores comprising the void space should be interconnected. 
The interconnected pore space is termed the effective pore space. 
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Figure 2.5 shows a typical diagram of porous rock and fluid flow in it. In order to 
develop an understanding of the basic physical characteristics of porous rock and the 
fluids contained, the pore space structure should be studied firstly. 
 
Figure 2.6: Descriptive porosity (sandstone). 
The volume fraction occupied by voids, i.e., the total void volume divided by the total 
volume occupied by the solid matrix and void volumes, is called the porosity. Each 
void is connected to more than one other pore (interconnected), connected only to one 
other pore (dead end), or not connected to any other pore (isolated). Fluid flows 
through the interconnected pores only. 
Total porosity is the ratio of the total pore space of the medium to the total bulk 
volume. 
 p
b
V
V
φ =  (2.2)
Isolated pore Interconected pore
 
Figure 2.7: Isolated and interconnected pores in a porous rock. 
Several types of porosity have been defined based on the degree of connectivity. 
Effective porosity (also called open porosity), is the ratio of interconnected pore space 
to the bulk volume of the rock. Figure 2.7 illustrates effective porosity in a porous 
rock. Notice the pathway for fluid to migrate in interconnected pores. 
Ineffective porosity (also called closed porosity), refers to the fraction of the total 
volume in which fluid flow cannot take place including closed pores. 
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where (Vp)e is effective (interconnected) pore volume, (Vp)ine is ineffective (isolated) 
pore volume. 
From the viewpoint of fluid transport through porous media, only the interconnected 
pore space is meaningful. Therefore, all the porosity mentioned later is effective 
porosity except otherwise stated. 
2.3.2 Idealized model of fluid flow in porous media (Bear 1972) 
2.3.2.1 Capillary tube model 
(a)
(b)
(c)
b
L
Q
a
 
Figure 2.8: Capillary tube models [modified from Bear (1972)]. 
Probably the simplest models from which Darcy’s law may be derived are those made 
of capillary tubes in one arrangement or another. Scheidegger (1960) considered the 
case where the capillary tubes are tortuous of a variable diameter (as obtained by 
combining the models shown in Figure 2.8). An expression of permeability k was 
suggested by him: 
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where, δ is the diameter of capillary tube, T is called tortuosity factor, defined as the 
ratio of the length of the actual flow channel to the length of the porous media. 
2.3.2.2 Fissure model 
Several researchers like Irmay (1955) employed narrow capillary fissures as a model 
representing a porous medium. A fractured rock would probably be the porous media 
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closest to such a model (Figure 2.9). Irmay (1955) considered a model composed of 
three sets of such mutually orthogonal fissures and derived the corresponding 
permeability as given by Eq.(2.5). 
(a) (b)
(c)a1 a1 b1
a2
b2
b2
a
a
b
b
b V
volecity distribution
 
Figure 2.9: A capillary fissure model [modified from Bear (1972)]. 
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where a is a parameter related to pore size, b is a parameter related to grain size.  
2.3.2.3 Hydraulic radius model 
This is based on a semi heuristic model of flow through the solid matrix using the 
concept of hydraulic radius (Carman 1937), which is often called the Kozeny- 
Carman theory. The Kozeny- Carman equation is used to predict the permeability of 
porous media. 
 3 2 2[ / (1 ) ] / 5k Mφ φ= −  (2.6)
where M is the specific surface of the media. 
The entire idealized models above seem to be satisfying with the purpose to derive 
Darcy’s law. But actually, they all contain strong simplifications of fluid flow in 
porous media. 
The internal structure of porous media is extremely irregular at the microscopic level 
(Figure 2.10). The solid surface plays a critical role as the boundary of fluid flow in 
pore space. In fact we cannot determine the actual flow velocity distribution in the 
pore space. Therefore, the averaging concept to study fluid flow in porous rock media 
is used (Wang 2005). 
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Figure 2.10: Fluid flow in porous media (flow paths). 
The REV as defined by Bear (1972) is fundamental to the mathematical description of 
fluid flow and transport in porous media. By means of volume averaging, the micro 
scale properties of the porous media (grain size and pore space geometry) are 
represented by an equivalent continuum on a larger scale described by new properties. 
On the one hand, the REV must be large enough to avoid undesirable fluctuations of 
the averaged properties, and on the other hand, it must be small enough to render the 
spatial dependency of these properties. In Figure 2.11, the definition of a suitable 
REV is visualized (Dietrich et al. 2005). 
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Figure 2.11: Representative elementary volume (REV) [modified from Dietrich et al. (2005)]. 
By using REV we can introduce the macro parameters to represent average micro 
parameters (Figure 2.1). Using these average variables and parameters in the REV for 
a hypothetical media, we can describe the fluid flow and other phenomena in porous 
media by means of partial differential equations. 
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Figure 2.12: From micro structure to macroscopic continuum media. 
2.4 Governing equations for homogeneous fluid flow in porous media 
2.4.1 Basic concepts of fluid flow in porous media 
Hydraulic head: 
The total hydraulic head Hd is composed of pressure head, velocity head and elevation 
head. The pressure head is the equivalent gauge pressure of a column of water at the 
base of the piezometer, the velocity head is related to the kinetic energy from the 
motion of water, and the elevation head is related to the relative potential energy in 
terms of an elevation. 
 
2
2d w
vH z
g
π
γ= + +  (2.7)
where z is the elevation at the piezometer bottom, π is dynamic pressure and ν2/2g is 
velocity head. 
The velocity head is assumed to be zero and can be ignored. This is because fluid 
moves very slowly, and the kinetic energy loss is very low. Thus, hydraulic head can 
be defined simply as: 
 
w
H z πγ= +  (2.8)
Hydraulic head is a basic physical scalar, which is a function of space coordinates and 
time. 
Velocity of permeability: 
Velocity of permeability v is the average velocity of fluid flow on its flow cross 
section. It may be noted that this velocity is not quite the same as the velocity of fluid 
in the pore space.  
 v uφ=v v  (2.9)
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where,  v — Velocity of permeability； 
u — actual velocity of fluid in pore space； 
φ — porosity. 
Velocity of permeability is a vector, which is a function of space coordinates and time. 
Discharge: 
By choosing the flow cross section, the discharge Q of specific region can be 
calculated with the velocity of permeability. 
 n
s
Q v ds= ∫∫  (2.10)
Hydraulic gradient: 
The hydraulic gradient J is a vector gradient between two or more hydraulic head 
measurements over the length of the flow path. It is also called the Darcy slope, since 
it determines the quantity of discharge: 
 
dHJ
ds
= −uv  (2.11)
This vector describes the direction of the fluid flow. 
2.4.2 Basic law of fluid flow in porous media 
2.4.2.1 Navier-Stokes Equations 
In physics, the Navier–Stokes equations describe the motion of fluid. These equations 
arise from applying Newton's second law to fluid motion. The force balance can be 
maintained by various forces on the fluid, the forces include (1) pressure on the 
surface of fluid；(2) gravity；(3) resistance of fluid flow; (4) accelerative force. All the 
forces can be divided into two types, body (mass) forces and surface forces. Body 
forces act on the entire control volume. Surface forces act only on the surface of a 
control volume at a time and arise due to pressure or viscous stresses (Mao 2003). 
The motion of a non-turbulent Newtonian fluid is governed by the Navier-Stokes 
equation: 
 2
1 v gradH v
g t g
ν
φ φ
∂ = − + ∇∂
v v
 (2.12)
where,  ν — coefficient of viscosity； 
φ — porosity； 
g —acceleration of gravity； 
v
v
 —velocity vector of permeability； 
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t — time； 
H — hydraulic head. 
This equation describes the balance relation among forces. If we disregard the 
velocity variation with time, it reduces to the general Darcy’s law. 
2.4.2.2 Darcy’s law 
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H 2
δ
 
Figure 2.13: Darcy’s experiment [modified from Middleton and Wilcock (1994)]. 
In 1856 Darcy experimentally determined the relationship between discharge Q and 
head h for flow through an inclined tube: 
 
dHQ KA
ds
= −  (2.13)
where K is the hydraulic conductivity, A is the cross-sectional area of the tube, s is the 
direction parallel to the tube and H is the hydraulic head. The specific discharge q is 
given by: 
 
Q dHq v K
A ds
= = = −  (2.14)
Specific discharge is sometimes called the “Darcy velocity v” because it has the 
dimensions of velocity (L / t) and because it represents the average velocity (Eq.(2.14)) 
of water, which flows through the porous solid in order to produce the observed 
discharge Q. 
The hydraulic conductivity K (m/s) is a property of both the fluid and the solid. Since 
the two pertinent fluid properties are its density ρ and viscosityν (Pa⋅s), we can say 
that K (ρ, ν, k), where k is the intrinsic permeability (m2), depends only on the porous 
medium and includes measures of the abundance, distribution, geometry, and size of 
channels through which the water flows. 
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The formulas above were conducted from one dimensional fluid flow experiments. 
For an anisotropic (orthotropic) medium the generalized Darcy’s law can be 
expressed in vector form as follows (Bear, 1972). 
 [ ]q v k J= = −v v uv  (2.16)
Because of the anisotropy, Darcy velocity v has components of hydraulic gradient in 
each direction, which can be expressed in x, y, z directions. 
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is the 
hydraulic conductivity matrix, which follows tensor’s transformation rules and is 
therefore also called permeability tensor. 
The validity of the Darcy equation is expressed in terms of the Reynolds number Re. 
According to Bear (1972), the upper limit of the validity of the Darcy equation is 
restricted to values of Re between 1 and 10. In this range the inertial force of fluid 
motion can be ignored. 
There are always some fluid flow problems disobey the Darcy law, such as fluid 
drainage in rock-fill and gravel aquifers. In these problems the relation between 
permeability velocity and hydraulic gradient is not linear, so they belong to non-Darcy 
problems. But it should be pointed out that in most cases the fluid flow velocity is not 
too high and Darcy’s law can be applied. Currently most mathematical models of fluid 
flow analysis are established on the basis of the Darcy law, therefore all the fluid flow 
mentioned in this work obeys the linear Darcy law. 
2.4.2.3 Continuity equation  
The continuity equation is based on the principle of conservation of mass, and states 
that the temporal change of mass in a control volume is the sum of the mass flux across 
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the volume boundaries. As shown in Figure 2.14, the mass variation between inflow 
and outflow of the element in unit time is defined in Eq.(2.18) 
 
Figure 2.14: A cubic element in fluid flow region. 
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Expanding this equation and ignoring the change in density we get: 
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Suppose full saturation, elemental porosity φ, fluid mass M inside the element is 
ρφdxdydz, the temporal change of fluid mass in the element is described as: 
 
( )M ndxdydz
t t
ρ∂ ∂=∂ ∂  (2.20)
Suppose the volumetric deformation equals the fluid volume change we obtain: 
 
( )( ) Vndxdydz dydxdz
t t
ρερ ∂∂ = −∂ ∂  (2.21)
where εv is the volumetric strain of the element. 
It equals the fluid mass variation in unit time in Eq.(2.19) 
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This equation is the continuity equation of fluid flow, which ensures the conservation 
of mass in the fluid flow region. 
Substituting Eq.(2.17) into Eq.(2.22), the basic control differential equation can be 
obtained. 
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When principal orientations of the permeability tensor coincide with the coordinate 
axes, it can be simplified to 
x
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x∆
xv y z tρ ∆ ∆ ∆ ( )xx
vv x y z t
x
ρρ ∂+ ∆ ∆ ∆ ∆∂
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εv = 0 in fluid flow only problem, therefore the continuity equation can be simplified 
to  
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In coupled problem εv ≠ 0 and the equation can be solved in combination with Biot’s 
consolidation theory, which will be described in Chapter 4. 
2.5 Permeability measurements of Eibenstock granite 
Permeability coefficient k is a inherent property of porous material, but the 
measurement of permeability is not only determined by the material itself. It is also 
influenced by fluid properties, testing environment and system parameters. 
Bear (1972) concluded some factors influencing the permeability of geological 
material: (1) grain composition, (2) grain shape factor, (3) mineral component of solid, 
(4) porosity, (5) saturation, (6) pore connectivity, (7) microstructure, (8) fluid 
properties, (9) fluid state, (10) temperature of environment. 
Among them, for a given porous medium, the factors (1), (2) and (3) can be 
considered as inherent; factors (4), (5), (6) and (7) depend on the material storage 
environment and preparation process, and will be influenced also by the experimental 
process; factors (8), (9) and (10) are mainly associated with the seepage of fluid, 
depending on the fluid properties and fluid flow state. Therefore, the permeability of 
same geological material could be different due to difference in site condition, 
experimental process and fluid property. The error exists in every single permeability 
measurement, the permeability measured cannot represent the permeable character 
exactly, and it can be considered only as an efficiency parameter to evaluate the 
ability to transport fluid in the material (Wang 2009). 
Table 2.1: Application of different lab permeability measurements [Wang (2009)]. 
Method 
Permeability k/(Darcy) 
10-7 10-6 10-5 10-4 10-3 10-2 10-1 10-0 101 
constant head test          
constant flow rate test          
transient pulse test          
 constant flow pump test          
oscillating pore pressure test          
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Laboratory permeability measurement methods can be divided into two categories 
according to experimental principle: the first is the conventional permeability 
experiment, which measures the discharge at steady state flow conditions, including 
constant head test and constant flow rate test; the second is the low permeability 
experiment, which measures the pressure at in-stationary flow conditions, including 
transient pulse test, constant flow pump test (Olsen et al. 1985) and oscillating pore 
pressure test (Kranz et al. 1990). The range of application was summarized by Wang 
(2009) and shown in Table 2.1. 
For most cases, permeability can be measured either by using constant head test or a 
transient pulse test. Both methods have been described in many publications and 
textbooks. For more details see, for example, Kranz et al. (1990), Brace et al. (1968), 
Walsh and Brace (1984) and Heiland (2003). 
2.5.1 Theoretical analysis 
2.5.1.1 Constant head test 
The constant head test is directly linked to Darcy's law (Eq.(2.14)). Using the constant 
head method, a constant fluid pressure difference between the upper and lower ends 
of a cylindrical sample is maintained, so that the fluid flow is established by pressure 
difference and the permeability can be calculated from the flow rate.
 
 
u d
Q Lk
A P P
ν= −  
(2.26)
Q is the flow rate (m3/s), A is the sample sectional area (m2), Pu and Pd are the 
upstream and downstream pressures (Pa), respectively and L is the sample length (m). 
In constant head tests a small hydraulic gradient (pressure difference) should be 
applied to avoid non-Darcy flow inside the sample. When the rock sample has a very 
low permeability (i.e., in the range10-18 m2~10-24 m2), the flow velocity is extremely 
low so that it takes a very long time to reach the steady flow state. Because flow rates 
are extremely small very accurate measurements are necessary. As an alternative the 
transient pulse test can be applied for low permeable rocks. 
2.5.1.2 Transient pulse test 
The transient pulse test arrangement consists of a cylindrical rock sample which is 
connected to two fluid reservoirs (Figure 2.15). At the start of the experiment, the 
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fluid pressure in the upstream reservoir is suddenly increased. Fluid flows from the 
upstream reservoir though the sample to the downstream reservior and produces a 
pressure decay. In this procedure, the permeability of the sample is calculated from 
the observed decay of pressure. 
 
Figure 2.15: Transient pulse technique [modified from Escoffier et al. (2005)]. 
A mathematical model was developed by Brace et al. (1968). The transient pulse 
pressure should create a one-dimensional flow of a slightly compressible fluid 
through a saturated porous sample: 
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where, P — pore pressure in the sample (Pa); 
µ — dynamic viscosity of the fluid (Pa·sec); 
γw — specific weight of the fluid (kg/m2·s2); 
k — permeability (m2). 
Initially, the sample is saturated and the fluid pressure inside the sample and the 
reservoirs is homogeneous (P0). 
 0( , 0)P x t P= =  0t +=  (2.28)
where,  x — distance along the sample (m);  
P0 — initial pore pressure in the sample (Pa). 
A sudden increment of pressure ∆P is carried out in the upstream reservoir (Eq.(2.29). 
The pressure in the upstream and the downstream reservoirs are defined as Pu 
(Eq.(2.31)) and Pd (Eq.(2.32)). 
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t0 t (s)
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    Pd
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 0(0)uP P P= + ∆  (2.29)
 0(0)dP P=  (2.30)
 ( , ) ( )uP h t P t=  (2.31)
 (0, ) ( )dP t P t=  for  0t ≥  (2.32)
In addition, the fluid mass conservation at the sample/reservoir interfaces is translated 
into the boundary conditions: 
where Sd and Su are compressive storages of downstream and upstream reservoir (m2); 
where, w eff s(1 )sS nC C n C= + − +  — specific storage capacity of the sample; 
A — sample face surface (m2); 
D — diameter (m). 
The initial and boundary conditions are described in Figure 2.16. 
 
Figure 2.16: Initial and boundary conditions of the transient pulse test.   
This initial boundary value problem was solved by Hsieh et al. (1981) by the Laplace 
Transform Method. It offers a general analytical solution with dimensionless variables 
and parameters. The solution for the pressure evolution in the upstream and 
downstream reservoirs is given by Eq.(2.35) and Eq.(2.36).  
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where β and γ are two dimensionless parameters considering the ratio of the 
compressive storage between the sample and the upstream reservoir (Eq.(2.37)), and 
between the downstream and upstream reservoir (Eq.(2.38)). 
 s
u
S AL
S
β =  (2.37)
 d
u
S
S
γ =  (2.38)
α is a dimensionless variable 
 2
s
Kt
L S
α =  (2.39)
and φm are the roots of: 
 2
(1 )tan
/r
γ φφ φ β β
+= −  (2.40)
 
Figure 2.17: Plot of hu/H and hd/H vs αβ2 for various values of β [Hsieh et al. (1981)]. 
Figure 2.17 is a semi logarithmic plot of dimensionless hydraulic heads hu/H and hd/H 
versus the dimensionless product αβ2 for γ = 1 and for various values of β. αβ2 is 
chosen as the abscissa in order to illustrate the behavior of the solution as the value of 
β increases. 
Brace et al. (1968) used an analogy to describe the reservoir-sample system by 
approaching the sample as a resistor and the reservoirs as capacitors. Using this 
analogy, the system shows an exponential decay in the pressure gradient over the time 
span of the experiment. The differential pressure is described by Eq.(2.15). 
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 exp( )u d
P P at
p
− = −∆  (2.41)
and the exponential coefficient a is described by 
 
u d
1 1( )kAa
L S Sµ= +  (2.42)
When the pressure decay of the upper reservoir is plotted against time, an exponential 
decay curve can be modeled with the exponential coefficient equal to –α, as shown in 
Figure 2.18. 
P2=2.0+0.092[1-exp(-0.011t)]
P1=2.2-0.108[1-exp(-0.011t)]
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Figure 2.18: Lab data and corresponding data fitting [modified from Oda et al. (2002)]. 
 [ ]0 1 exp( )du
u d
SP P P P at
S S
= + ∆ − ∆ − −+  (2.43)
 [ ]0 1 exp( )ud
u d
SP P P at
S S
= + ∆ − −+  (2.44)
It should be noticed that rocks with significant compressive storage however, such as 
shale and other high porous sedimentary rocks, are not accurately described by the 
model proposed by Brace et al. which assumes that the rock is highly incompressible 
and crystalline.  
2.5.2 Own experimental apparatus 
Loading equipment: 
A stiff (9 × 109 N/m) servo-controlled loading frame (MTS 815) was used to supply 
confining pressure. The maximum compressive force is 3600 KN. A high accuracy 
load cell with a range of 0~1000 kN (calibration error < 0.05 %; 
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sensitivity = ± 0.5 KN) is used. The confining pressure system is servo-controlled, 
maximum oil pressure is 40 MPa. The system is run by the packages TestStar II 
Control System and TestWare from MTS.  
 
 Figure 2.19: MTS 815 Rock Testing System.     Figure 2.20: Rock sample with sensors.          
Fluid pump: 
The Quizix 5000 Series two-cylinder pump system (SP-5200) as shown in Figure 2.22 
was used. It is a two-cylinder two-stroke system. Each cylinder has a volume of 21 ml 
and can be operated independently and monitored while imposing a constant flow rate 
or a constant pressure.  
 
Figure 2.21: C-5000 pump cylinder component.      Figure 2.22: Quizix C-5000-5K Pump System. 
Using distilled water as the fluid, the pump system can provide a continuous and a 
pulse–free fluid flow through a sample. Precise fluid pressure control and highly 
accurate volume and pressure measurements at the outlet of the sample are guaranteed. 
A maximum fluid pressure of 34.47 MPa and a maximum flow rate of 30 ml / min can 
be applied. Pressure transducers are located both upstream and downstream to acquire 
fluid pressure data from both the upper and lower fluid reservoirs. 
The software “PumpWorks” allows the user to set all operating parameters, such as 
fluid flow rate or pressure. The software also provides the user with full system status 
information at all times. Data logging capabilities including automatic data storage are 
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available (Figure 2.23). 
 
Figure 2.23: PumpWorks main control window. 
The two separated C-5000 pumps can also be applied in a separate way at upstream 
and downstream reservoirs. The experimental set-up is presented in Figure 2.24. 
 
Figure 2.24: Experimental set up used for permeability measurement.  
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2.5.3 Experimental procedures 
2.5.3.1 Sample preparation and installation 
The granite samples tested were obtained from Eibenstock, located in the region of 
the ‘Erzgebirge-Vogtland Zone’ (Saxony). This granite has a porosity of 1.5 ~ 2.5 %, a 
grain density of 2.59 g/cm3 and a mean grain size diameter of about 1 mm. All the 
experiments were done in the Rock Mechanical Laboratory at the Geotechnical 
Institute of the Technical University Bergakademie in Freiberg. 
 
Figure 2.25: Granite sample of Eibenstock II. 
The granite samples were cored, cut and polished. The cylindrical samples have a 
length of app. 10 cm and a diameter of 5 cm. The ends are parallel within 0.003 cm. 
Samples were visually inspected to ensure no preferential failure surfaces are present. 
All the samples were dried in the oven maintaining a temperature of 105 °C for a 
period of at least 24 hours, then saturated with distilled water in the vacuum saturation 
equipment for at least 1 hour. After vacuum extraction, samples were kept in distilled 
water for at least 4 hours before the permeability test was started. The connective 
porosity was determined by measuring the dry and saturated weights. 
A heat shrinkable polyolefin jacket was affixed to each sample. Rubber jackets and 
ferrules were used at the connection of sample and stress-transmitted pistons to 
completely isolate the sample and fluid from the confining pressure oil (Figure 2.26).  
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Figure 2.26: Installed sample in triaxial cell. 
 
Figure 2.27: Sketch of transient pulse testing system. 
2.5.3.2 Constant head test 
Upstream and downstream pressures were maintained independently by each pump. 
The upstream pressure was set to a constant value, while corresponding downstream 
pressure was set to a lower value in such a way that the pressure gradient was 
maintained. Confining pressure and axial force were set about 2 MPa higher than the 
fluid pressure to avoid any flow between sample and jacket. 
To accommodate the water flow induced by the pressure gradient, the pumps were 
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operated in the “constant pressure” configuration. The flow rates (both, inflow and 
outflow) were recorded by measuring displacements of pump pistons, and the 
permeability was calculated by Darcy’s law (Eq.(2.14)).  
Several tests have been performed with different upstream (Pu) and downstream 
pressures (Pd). Figure 2.28 displays the flow rates and calculated permeability of 
granite sample EiII.Tri.3/1.  
-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
-12
-10
-8
-6
-4
-2
0
2
4
6
8
10
Fl
ow
 ra
te
 (µ
l/m
in
)
Time(min)
 Cylinder A
 Cylinder B
8.22
-8.08
k=1.39e-17m2
 
(a) Pu = 2.5 MPa; Pd  =  2.0 MPa (b) Pu = 10.5 MPa; Pd = 10.0 MPa 
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(c) Pu = 10.8 MPa; Pd = 10.0 MPa (d) Pu = 10.5 MPa; Pd = 9.5 MPa 
Figure 2.28: Results of constant head permeability measurements. 
First test duration was over 15 hours. Using the parameters ν = 1.011×10-3(Pa⋅sec), 
ρwg = 9.81 × 103 Pa/m, the permeability was calculated to 1.14×10-17 m2. This is a 
relatively high value for granite and a constant flow rate can be achieved within a few 
minutes, as shown in Figure 2.28 (b), (c) and (d). 
2.5.3.3 Determination of system compressive storage 
The compressive storage of reservoirs Su and Sd are important parameters which 
should be determined before the transient pulse test. 
Two separated C-5000 pump systems can be taken as upstream and downstream 
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reservoirs. The pump cylinder and its valves, fluid tubes and stress-transmitted pistons 
in the triaxial vessel are parts of the whole reservoir. It should be noticed that the 
system deformability and fluid volume in the openings of stress-transmitted piston 
and valves (Figure 2.29) cannot be ignored. Therefore, the determination of actual 
compressive storage is a pre-requisit for accurate permeability calculation. 
 
Figure 2.29: Stress-transmitted piston with grooves for fluid injection. 
The upstream and downstream compressive storages correspond to the volumes of 
water that are required to increase pressure within the reservoirs. 
 ( , )( , )
u d
u d
w
dV
S
dP
=  (2.45)
To measure Su and Sd, the rock sample can be replaced by a steel cylinder to isolate 
the upstream and downstream reservoirs. The complete assembly of such a test in a 
triaxial cell is shown in Figure 2.26. Fluid pressure is increased stepwise and the 
corresponding volume changes in the pumps are recorded via piston displacements. 
Then, Su and Sd can be estimated for each step by: 
 
, 1 , , 1 ,
( , )
, 1 ,
( )
2
w i w i w i w i
u d
w i w i
P P V V
S
P P
+ +
+
+ −= −  (2.46)
Both cylinders were set to different volumes (5 ml, 10 ml, 12.5 ml, 15 ml, 17.5 ml and 
20 ml) under gravitational fluid pressure. Then, for each pump fluid pressure was 
increased by steps of 1 MPa up to 20 MPa. At each step the pumps were stopped and 
the corresponding cylinder volumes were recorded, until stable values were observed.  
Figure 2.30 shows the evolution of the upstream and downstream storage with 
pressure. Reservoirs are highly compressible at low pressure. Measurements with 
fluid pressures lower than 8 MPa would thus lead to major uncertainties in the 
interpretation of transient experiments since storage would clearly not remain constant 
during the experiments.  
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(a) Upstream reservoir (pump system A) (b) Downstream reservoir (pump system B) 
Figure 2.30: Upstream and downstream reservoirs storage evolutions with pressure. 
Figure 2.31 shows the evolution of the upstream and downstream storage with 
cylinder volume. Storage increases with volume, but not significant, which indicates 
that reservoir storage does not mainly depend on the fluid volume in pump cylinders. 
But the fluid in other parts of the system and the overall system deformability 
contributes a lot. 
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(a) Upstream reservoir (pump system A) 
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(b) Downstream reservoir (pump system B) 
Figure 2.31: Upstream and downstream reservoirs storage evolutions with cylinder volume. 
The system compressive storage consists of two parts, the storage of fluid and the 
storage of system’s deformability.  
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 f dS S S= +  (2.47)
where, Sf — storage of fluid in reservoir (m3/Pa); 
Sd — system’s deformability (m3/Pa). 
The compressive storage of fluid in pump cylinders and other parts of the system 
contribute to the fluid compressibility. 
 ,f c o f c f oP T P,TS S S C V C V= + = ⋅ + ⋅  (2.48)
and ,d P TS D=  (2.49)
where, Sc — storage of fluid in pump cylinder (m3/Pa); 
S0 — storage of fluid in other parts (m3/Pa); 
Vc — volume of fluid in pump cylinder (m3); 
V0 — volume of fluid in other parts (m3); 
Cf⏐P,T — fluid compressibility under fluid pressure and temperature (1/Pa); 
D⏐P,T — system’s deformability under fluid pressure and temperature 
(m3/Pa). 
The compressibility of fluid is the pressure related volume change rate. The 
isothermal compressibility coefficient is defined by: 
 
1 1
f
T T
dV dC
V dP dP
ρ
ρ
⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  (2.50)
Water is chosen as fluid in reservoirs. 
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Figure 2.32: Pure water compressibility under different pressure and temperature. 
The data in Figure 2.32 correspond to pure water. Within the considered range the 
values change only slightly with pressure and temperature. During the practical 
experiments a small amount of air is unavoidable in reservoirs, which also affects the 
compressibility coefficient. For the calculations a constant compressibility coefficient 
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is assumed (Silva et al. 2010), using Cf  = 4.4 × 10-10 Pa-1 for 10 MPa and 25 oC. 
Eq.(2.3) can then be re-written as: 
 ,( )f o f cP TS C V D C V= ⋅ + + ⋅  (2.51)
Linear fitting is performed by using reservoirs storage evolutions with cylinder 
volume under different fluid pressure (6.5 MPa~19.5 MPa).  
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(a) Upstream reservoir (pump system A) (b) Downstream reservoir (pump system B) 
Figure 2.33: Linear fitting of reservoir compressive storage at different pressures. 
The intercept of each linear fitting curve is the compressive storage except fluid 
compressibility in pump cylinder: the part of ,f o P TC V D⋅ + in Eq.(2.51) . It decreases 
with increase of system pressure. Based on the decay form, exponential fitting was 
performed to relate ,f o P TC V D⋅ + with system pressure P. 
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Figure 2.34: Exponential fitting of compressive storage of Su and Sd. 
According to the fitting results, the volume of fluid in other parts and the system 
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deformability can be calculated. 
 0 /o fV y C= 0exp( )PD A R P= ⋅ ⋅  (2.53)
Table 2.2: Composition of the reservoir system. 
Then the total system storage is calculated as a function of cylinder volume and 
pressure (5 MPa < P < 20 MPa). 
Pump system A (upstream reservoir): 
 14 10 141.371 10 4.4 10 8.79 10 exp( 0.266 )A cS V P
− − −= × + × ⋅ + × ⋅ − ⋅  (2.54)
Pump system B (downstream reservoir): 
 14 10 141.288 10 4.4 10 10.46 10 exp( 0.269 )B cS V P
− − −= × + × ⋅ + × ⋅ − ⋅  (2.55)
The fitted final system compressive storage evolution curves are shown in Figure 
2.35. 
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(a) Upstream reservoir (pump system A) (b) Downstream reservoir (pump system B) 
Figure 2.35: System compressive storage (fitting result). 
A relatively high initial fluid pressure (> 8 MPa) is recommended to conduct transient 
pulse experiments. 
Reservoir A Reservoir B 
Vc V0 D Vc V0 D 
ml ml 10-14 m³/Pa ml ml 10-14 m³/Pa 
adjustable 31.16 8.79*exp(-0.266*P) adjustable 29.28 10.46*exp(-0.269*P)
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2.5.3.4 Pulse testing procedure 
 
Figure 2.36: Transient pulse test procedure. 
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At the begin of the test, the confining pressure was increased to 12 MPa, axial force to 
27 KN. Pump cylinder volumes were set to a certain value before the test (here: 
20 ml), and the corresponding compressive storages were calculated.  
The fluid pressure was slowly increased up to P0 and then kept constant in the 
upstream and downstream reservoirs (drained conditions are maintained at both end 
faces of the sample during this step). After a stable pressure was archived the outlet 
valve A (Figure 2.27) was closed to isolate the upstream reservoir and ∆P was 
increased in pump A. 
Then outlet valve A was opened, connection was established to the sample and the 
downstream reservoir and the pressure evolution in both reservoirs was recorded. The 
transient pulse test procedure is shown in Figure 2.36. 
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Figure 2.37: Pressure decay in both reservoirs. 
Figure 2.37 shows the pressure evolution in a test with P0 = 10 MPa and 
∆P = 0.2 MPa. There was a sudden drop of about 40 % of transient pulse pressure just 
after the valve was opened. This sudden pressure release is caused by the fact that 
pressure spread to the whole system instantly. The pressure drop also corresponds to 
the storage components which were determined before. Therefore, we chose the 
effective pressure decay after this sudden drop for our calculations.  
Several tests were conducted with different initial pressure P0 and transient pulse 
pressure ∆P. By fitting the pressure decay with exponential functions, permeability 
can be calculated. The test results and fitting curve are shown in Figure 2.38. 
 exp( )u d
P P at
p
− = −∆ , u d
1 1( )kAa
l S Sµ= +  (2.56)
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Figure 2.38: Differential pressure decay during transient pulse tests 
(Sample EiII.Tri3/1, unit of permeability: m2). 
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P0 = 10 MPa, ∆P = 0.26 MPa  P0 = 10 MPa, ∆P = 0.32 MPa 
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Figure 2.39: Differential pressure decay during transient pulse tests 
(Sample EiII.Tri3/1, unit of permeability: m2). 
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Figure 2.40: Summary of results of transient pulse tests for sample EiII.Tri3/1. 
All the calculated permeabilities of sample EiII.Tri.3/1 are shown in Table 2.3 and 
Figure 2.39, where the average value of the steady flow tests is also shown for 
comparison. All the calculated permeabilities from transient pulse tests are in the 
same order of magnitude and very close also to value obtained by steady flow tests, 
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which proves the feasibility of the transient pulse test procedure. Higher initial 
pressure will give closer agreement with the steady flow results, because the influence 
of inaccurate storage in the system becomes smaller. 
Table 2.3: Measured permeability of Eibenstock granite samples. 
Sample  
Effective porosity Permeability 
% 10-18 m2 
EiII.Tri.3/1 2.10 13.2 
EiII.HM.1 1.64 12.8 
EiII.HM.2 2.38 8.1 
EiII.HM.3 1.77 5.2 
EiII.HM.4 1.69 5.1 
2.6 Numerical fluid flow process simulation of Eibenstock granite  
2.6.1 Basic assumptions and numerical model 
The continuum analysis code FLAC3D (Itasca 2006) can be applied to problems 
involving single phase Darcy flow in a porous medium (section 2.4).  
 
Figure 2.41: Illustration of numerical model. 
Since we only consider the flow-only condition in this section, the following 
assumptions are made to simplify the modeling: (1) the permeability of rock sample is 
isotropic, (2) water viscosity is constant and soil grains are incompressible, (3) soil 
porosity and hydraulic conductivity are constant. 
Sample:
porosity: 1 % 
fluid bulk modulus: 2.27×109 Pa 
permeability: 1.32×10-17 m2
Reservoir: 
volume: 63.6 cm3 
porosity: 100% 
fluid bulk modulus: 2.27×109 Pa 
compressive storage: 2.86×10-14 m3/Pa
permeability: 1×10-16 m2 
initial fluid pressure: 10 MPa 
instant pulse pressure: 0.32 MPa
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The numerical model is illustrated in Figure 2.41. Values for sample size, porosity and 
permeability as well as fluid bulk modulus were taken from own lab measurements 
for granite sample EiII.Tri.3/1, as described in section 2.5. The water reservoirs are 
replaced by solid cylinders with 100 % porosity on both sides of the sample. The 
volume of the empty cylinder has the same compressive storage as the pump system 
(see chapter 2.5.3.3: 20 ml water at 10 MPa). The model boundaries are impermeable.  
2.6.2 Constant head test simulation 
In the constant head test the water pressure was fixed in upstream and downstream 
reservoirs and a constant differential pressure was maintained during the calculation. 
The flow rate can be calculated by summing up the grid point discharges at the 
interface between sample and downstream reservoir. The result is shown in 
Figure 2.42. The red line is the calculated discharge (flow rate) of sample with 
1.32×10-17 m2 permeability by Darcy's law and corresponds to the mean value of the 
measured lab data. The blue dotted line is the simulated discharge evolution with 
ongoing flow time, which shows, that the steady state flow was almost reached after 
3 minutes simulation time.  
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Figure 2.42: Total discharge vs. flow time. 
2.6.3 Transient pulse test simulation 
For the transient pulse test simulation the whole model is initialized with a hydraulic 
pressure of 10 MPa. Then the upstream pressure was set at 10.32 MPa (corresponding 
to one group of lab tests) and reservoir pressure was free to change during calculation. 
The pressure evolutions (dotted lines) in up- and down-stream reservoirs were 
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monitored and compared with the approximate solutions (solid lines) as shown in 
Figure 2.42. 
 
(a) k = 1.32e-17 m2  (b) k = 1.2e-17 m2 
  
(c) k = 1.4e-17 m2   (d) k = 1.5e-17 m2 
Figure 2.43: Simulated reservoir pressures (Y-axis/Pa) vs. flow time (X-axis/sec) assuming different 
permeability for the rock. 
Several different permeability values were tested in several calculations 
(Figure 2.42 (a)~(d)). A permeability value of 1.37e-17 m2 was found to fit lab 
measurement best (Figure 2.43). 
 
Chapter 2 Fluid flow in rock material 
51 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.00
0.20
0.40
0.60
0.80
1.00  Lab measurement
 Approximate solution (k=1.32e-17m2)
 Flac3D (k=1.37e-17m2)
D
iff
er
en
tia
l P
re
ss
ur
e 
(d
im
en
si
on
le
ss
)
Time (min)
 
Figure 2.44: Simulated differential pressure (dimensionless) vs. flow time (min). 
2.7 Conclusions 
This chapter describes the characteristics of fluid flow in rocks with special emphasis 
on porous media, which best describe the hydraulic behavior of intact granite. Based 
on the continuum theory the basic concepts, flow equations and continuity equation 
were introduced to describe the fluid flow behavior in porous rocks.  
Two lab measuring methods were introduced to determine the permeability of rock 
samples:  
(1) Constant head test: calculates the permeability by measured flow rate under a 
constant hydraulic gradient. This test is easy to perform and simple in terms of the 
evaluation, but very time consuming for very low permeable rocks. Also, this test 
needs a very precise flow gauge for very low permeable rocks. 
(2) Transient pulse test: calculates the permeability by measured differential pressure 
evolution with ongoing flow time on both sides of the sample. This test needs a more 
complicated setup and more sophisticated evaluations, but it is much faster and 
therefore recommended for very low permeable samples.  
The Eibenstock II granite has been tested by both methods in our laboratory. The 
measured permeability is around 1×10-18 ~ 1 × 10-17 m2. The tests were simulated by a 
single flow numerical model with the code FLAC3D. Good agreement between 
numerical simulations and lab test results was achieved. 
Chapter 2 Fluid flow in rock material 
52 
Chapter 3 Failure mechanism of brittle rock 
 
 
53 
Chapter 3 
Failure mechanism of brittle rock 
3.1 Introduction 
The mechanical response during the failure processes of rock and rock masses 
(post-peak behavior) includes a lot of phenomena, like stress redistributions, micro 
fracture initiation and propagation, coalescence of micro fractures and forming of 
macro fractures (localization) etc.. This process is described by special constitutive 
models.  
But rocks differ from metals and other artificial materials. Rocks consist of different 
minerals (grains) and natural weaknesses at various scales (micro fractures, faults, 
joints, cracks, voids, inclusions, bedding and schistosity planes etc.) due to the 
complex geological processes and transformations. This results in significant 
nonlinearities, discontinuities, anisotropies and complex HTM-couplings which 
influences the deformation and failure processes. 
Another important difference to the field of material sciences is the significance of the 
post peak behavior. For most rock engineering problems, parts of rock mass will pass 
into the post peak region and therefore, the post peak region has to be studied in more 
detail. The failure mechanism discussed in this chapter includes the complete process 
of deformation including the pre and post failure region.  
With the help of servo-controlled testing machines and stiff loading frames, the 
complete stress-strain curve for rocks can be obtained. The mechanical loading 
process can be stopped and continued at any moment by selecting the most suitable 
sensitive indicators of failure (damage) as a feedback signal. The overall response 
time of a servo-controlled system is in the order of 5 ms, which is faster than the 
speed at which any significant cracking can develop. Therefore, the failure process 
can be controlled precisely (Hudson & Harrison 2005). A scheme of a typical 
servo-controlled rock testing system is shown in Figure 3.1. 
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Figure 3.1: Scheme of fast-response, closed-loop, servo-controlled testing system [MTS Systems 
Corporation (2004)]. 
Brittle       Transitional   Ductile   
Fracture 
Yield 
 
Figure 3.2: Typical stress-strain curves for brittle, transitional and ductile rocks [Mogi (2006)]. 
Figure 3.2 shows typical stress-strain curves for different rock types under 3-axial 
loading. The main purpose of this chapter is to establish a constitutive law for granite 
that gives an idealized representation for the mechanical responses during the failure 
process.  
Different theories, concepts and methodologies have been developed and applied to 
describe the stress-strain behavior of rocks, such as elasto-plastic models, fracture 
mechanical models and damage mechanical models based on either the continuum or 
different discontinuum approaches.  
Within this research, the framework of elasto-plastic continuum theory is used, which 
is extended by the poro-elastic theory. Finally, additional hydro-mechanical coupling 
is installed. 
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3.2 Constitutive law for brittle rock  
3.2.1 A synoptic view of failure process in brittle rocks 
The stress-strain behavior of brittle rocks under compression can be subdivided into 
several stages prior to the macroscopic fracture, as shown in Figure 3.3 (Andreev 
1995). 
 
Figure 3.3: Subdividing of failure process into different stages [modified from Andreev (1995)]. 
According to Fig. 3.3 the following stages can be distinguished: 
I: Closure of (micro) cracks – portion OA. The upward concavity (E and ν increase) 
of the stress-strain curve is usually attributed to the closing of pre-existing cracks, a 
process that can be more or less completely reversible, that means, non-linear elastic 
in its macroscopic effect. 
II: Linear elastic deformation – portion AB. All strains are linear with respect to σ1. 
This can be mainly attributed to the elastic deformation of the grains. In this stage, the 
modulus of elasticity E and Poisson ratio ν are ‘true’, they are connected with ε1, ε3 
and σ in terms of Hooke’s law. 
III: Stable fracture propagation – portion BC. The beginning of micro-cracking obeys 
Griffith’s criteria. ε3 looses its linearity because of the creation of new cavities as a 
consequence of micro-crack initiation and development with sub-axial orientation to 
σ1. The sample is still in the contractive phase. The non-linearity of ε3 also leads to a 
non-linearity of εv. Therefore, E is constant but ν increases. 
IV: Unstable fracture propagation – part CD. Crack propagation is independent of σ1 
at this stage, even if the applied load is removed, the cracks could continue their 
extension because of potential (elastic) energy stored within the body. The sample 
starts to expand (dilate). 
V: Post-failure (post-peak, descendant) – part DE. This phase is characterized by 
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significant localization and macroscopic fracture development. 
VI: Residual strength part. The friction among the rock pieces (blocks) ensures some 
bearing capacity of the sample, which determines the residual strength of the sample. 
It should increase with confining pressure.  
3.2.2 Development of a new modified constitutive law  
It is important to understand complete stress-strain relations under different loading 
conditions and to develop a constitutive model that can adequately represent the 
complete stress-strain behavior of rocks especially for the nonlinear parts including 
softening and dilation. 
Considering the formation and coalescence of micro cracks only (pure mechanical 
approach) micro-mechanical based models using fracture mechanical theory can 
describe the fracture behavior more explicitly. But it is very difficult to couple these 
micro-mechanical models with other fields like hydraulic or thermal fields.  
Therefore, a continuum approach is still quite attractive and conductive, because it 
can reproduce different failure phenomena, from brittle to ductile including softening 
by averaging the effect of crack evolution and coalescence (Yuan & Harrison 2006). 
But it should be noticed that almost no continuum hypothesis of failure is based on 
the real failure mechanism, but is more or less based on phenomenological or even 
empirical nature. 
A continuum model is a simplified idealized picture of the reality containing a finite 
number of elements. Due to the lack of techniques for testing a rock element at the 
microscopic scale in the laboratory, there are no specific failure criteria for rock 
elements. Some assumptions should be taken into account at the elemental scale: 
(1) In order to set up a constitutive model at elemental scale from laboratory 
measuring data, we consider rock elements to be analogous to the whole rock sample, 
which means differences between the two scales are ignored.  
(2) Stress and strain follow an isotropic linear elastic relation before the peak strength, 
ignoring the nonlinearities in the quasi-elastic (pre-failure) range. 
(3) Elemental peak strength is governed by a single failure criterion. 
(4) Post peak area is divided into two stages: degradation stage and residual stage. 
Material strength parameters reduce linearly inside the degradation stage, and are kept 
constant at the residual value in residual stage. The stress - strain relation is governed 
by certain flow rules (theory of plasticity). 
The elasto-plastic mechanical model, described in this section, represents the 
Chapter 3 Failure mechanism of brittle rock 
 
 
57 
deformation and strength characteristics observed during lab tests on brittle granite. 
Special attention was paid to the following aspects: elasto-plastic relations, strength 
degradation, flow rule and dilation.  
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Figure 3.4: Measured and simplified stress-strain curve of typical granitic rock in triaxial testing. 
3.2.2.1 Elastic stage 
We ignore the crack development in a rock sample before its peak strength, supposing 
stress strain law is linear and path-independent. Such an elastic, isotropic model 
provides the simplest representation of rock behavior. 
The components of stress are linear functions of the components of strain. Written in 
terms of the principal coordinate system, the stress strain law of isotropic elasticity, 
often called “Hooke’s law”, takes the form 
 22ij ij kk ijGσ ε α ε δ∆ = ∆ + ∆  (3.1)
where δij is the Kroenecker delta symbol and α2 is a material constant related to the 
bulk modulus, K, and shear modulus G, as  
 2
2
3
K Gα = −  (3.2)
In the elastic stage the stress-strain behavior is described by two elastic constants: 
bulk modulus K and shear Modulus G, which have a relation to another pair of elastic 
constants: Young’s modulus E and Poisson’s ratio ν. The material parameters (K, G) 
and (E, ν) can be converted as follows: 
Chapter 3 Failure mechanism of brittle rock 
 
 
58 
 
3(1 2 )
2(1 )
EK
EG
ν
ν
= −
= +
 (3.3)
 
9
3
3 2
2(3 )
KGE
K G
K G
K G
ν
= +
−= +
 (3.4)
Some typical values of elastic constants for selected rocks are summarized in Table 
3.1. 
Table 3.1: Typical elastic constants for different rocks in laboratory scale [Hudson (2005)]. 
Rock 
E modulus（GPa） ν Rock 
initial 
E modulus（GPa） ν 
initial elastic initial elastic 
Granite 20~60 50~100 0.2~0.3 Gneiss 10~80 10~100 0.22~0.35
Rhyolite 20~80 50~100 0.1~0.25 Phyllite 2~50 10~80 0.2~0.4
Diorite 70~100 70~150 0.1~0.3 Slate 20~50 20~80 0.2~0.3
Andesite 50~100 50~120 0.2~0.3 Shale 10~35 20~80 0.2~0.4
Gabbro 70~110 70~150 0.12~0.2 Sandstone 5~80 10~100 0.2~0.3
Diabase 80~110 80~150 0.1~0.3 Conglomerate 5~80 20~80 0.2~0.3
Basalt 60~100 60~120 0.1~0.35 Limestone 10~80 50~100 0.2~0.35
Quartzite  60~200 60~200 0.1~0.25
Dolomite 40~80 40~80 0.2~0.35
Marble 10~90 10~90 0.2~0.35
Generalized Hoek’s law, which includes anisotropy, can be expressed by a matrix 
form:  
 [ ] [ ][ ]Sε σ=  (3.5)
or:  
 [ ] [ ][ ]Kσ ε=  (3.6)
[S] means compliance matrix and [K] stiffness matrix. They are transposed matrices 
of each other. ‘Compliance’ is a form of ‘flexibility’, and is the inverse of ‘stiffness’. 
The compliance matrix is a 6 × 6 matrix containing 36 elements. It is symmetrical 
through considerations of conservation of energy. Therefore, in the context of the 
original assumption that each strain component is a linear combination of the six 
stress components, there are 21 independent elastic constants to completely 
characterize a material that follows the generalized Hooke's law. In the general case, 
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with all the constants being non-zero and of different values, the material will be 
completely anisotropic (Hudson & Harrison 2001). 
The transversely isotropic model takes a plane of isotropy into consideration. The 
compliance matrix has the form: 
 
1 / / '/ '
/ 1 / '/ '
'/ ' '/ ' 1 / '
[ ]
1 /
1 / '
1 / '
E E E
E E E
E E E
S
G
G
G
ν ν
ν ν
ν ν
− −⎡ ⎤⎢ ⎥− −⎢ ⎥− −⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
 (3.7)
It involves the five independent elastic constants E, E', ν, ν' and G'.  
The orthotropic model accounts for the three orthogonal planes of elastic symmetry. 
The compliance matrix has the form: 
 
 
1 12 2 12 3
21 1 2 23 3
31 1 32 2 3
12
13
23
1 / / /
/ 1 / /
/ / 1 /
[ ]
1 /
1 /
1 /
E E E
E E E
E E E
S
G
G
G
ν ν
ν ν
ν ν
− −⎡ ⎤⎢ ⎥− −⎢ ⎥− −⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
 (3.8)
 
The volumetric response is characterized as follows:  
 1 2 3vε ε ε ε= + +  (3.9)
and can be simplified for the conventional triaxial testing assuming 2 3ε ε= : 
 1 3 12 (1 2 )vε ε ε ν ε= + = −  (3.10)
Because of ν < 0.5 the volumetric response at the elastic stage is linear and 
compressive. 
3.2.2.2 Failure criterion 
We follow again the argument developed above (that a rock element within a rock 
specimen can be considered as analogous to a rock specimen itself) and assume, that 
failure criteria developed on the basis of lab testing may also be valid for rock 
elements. 
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Rock peak strength criteria derived from laboratory tests are normally defined in the 
principal stress space, σ1, σ2 and σ3 (with compressive stresses being positive and 
σ1 > σ2 > σ3), and have the form 
 1 2 3( , , ) 0f σ σ σ =  (3.11)
For shear failure, a number of criteria have been developed for rocks (Cao et al. 2004). 
Among these criteria, the linear Mohr–Coulomb criterion is much referred to and used 
in practice because of its simple form. However, laboratory results of triaxial tests on 
rocks often show a curved strength envelope and various researchers have proposed 
corresponding non-linear criteria. The most popular one is the Hoek-Brown criterion 
(Fang and Harrison 2002 a).  
The Hoek-Brown criterion was derived from test results of brittle intact rocks by 
Hoek and model studies of jointed rock mass by Brown. The criterion is based on 
properties of intact rocks and considers factors to reduce these properties on the basis 
of the characteristics of joints in a rock mass. The authors sought to link the empirical 
criterion to geological observations by means of one of the available rock mass 
classification schemes (Hoek 2002). 
  31 3
'' ' ( )aci b
ci
m sσσ σ σ σ= + +  (3.12)
where σ1' and σ3' are the major and minor effective principal stresses at failure  
σci is the uniaxial compressive strength of the intact rock material 
mb is a reduced value of the material constant mi and is given by  
 
100exp( )
28 14b i
GSIm m
D
−= −  (3.13)
s and a are constants for the rock mass given by the following relationships: 
 
100exp( )
9 3
GSIs
D
−= −  (3.14)
 /15 20/3
1 1 ( )
2 6
GSIa e e− −= + −  (3.15)
GSI is the Geological Strength Index and D is a factor which depends upon the degree 
of disturbance to which the rock mass has been subjected by blast damage and stress 
relaxation. It varies from 0 for undisturbed in-situ rock masses to 1 for very disturbed 
rock masses.  
The uniaxial compressive strength is obtained by setting σ3' = 0 in Eq.(3.12), giving: 
 ac cisσ σ=  (3.16)
The tensile strength is: 
Chapter 3 Failure mechanism of brittle rock 
 
 
61 
 cit
b
s
m
σσ = −  (3.17)
 
Figure 3.5: Relationships between major and minor principal stresses for Hoek-Brown and equivalent 
Mohr-Coulomb failure criteria [modified from Hoek (2002)]. 
3.2.2.3 Strength degradation 
Many rocks exhibit the phenomenon of strain softening. The strain softening behavior 
is characterized by the progressive loss of strength when the material is compressed 
beyond the peak (Karstunen et al. 1997). 
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Figure 3.6: Complete stress–strain curves obtained in triaxial compression tests on Tennessee Marble 
at various confining pressures [modified from Karstunen (1997)]. 
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The strength degradation is depending on the general stress level as well as the 
differential stress (difference between axial and confining pressure). At low confining 
pressure the rock samples show a sudden degradation in strength after the peak stress 
has been reached. But as confining pressure increases, the strength degradation 
process is slower and the rock sample displays less brittle behavior. Under high 
confining pressure the rock sample may become fully ductile and no degradation 
occurs (Fang & Harrison 2002). 
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Figure 3.7: Mobilization of friction and cohesion as a function of normalized damage [modified from 
Martin and Chandler (1994)]. 
Martin and Chandler (1994) performed cyclic loading tests with granite and 
calculated the relation between strength parameters (friction and cohesion) and 
damage variables (Fig. 3.7). 
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Figure 3.8: Illustration of the cohesion-loss and frictional strength mobilization as a function of plastic 
strain [Hajiabdolmajid (2002)]. 
Based on the laboratory observations of Martin and Chandler (1994), 
Hajiabdolmajid (2002) set up a CWFS (cohesion weakening - friction strengthening) 
model using Mohr-Coulomb failure criterion (Fig. 3.8). 
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In the work of Fang and Harrison (2001), the degradation behavior of rock is 
described by a parameter termed degradation index. The definition of the degradation 
index implies that the value for rd ranges from zero (no degradation associated with 
ductile behavior) to unity (complete degradation associated with brittle behavior) 
(Fang and Harrison 2002 a).  
 
Figure 3.9: Illustration of the definition of the degradation index [Fang & Harrison (2002)]. 
Several degradation models based on the Mohr-Coulomb constitutive law were 
implemented in FLAC by Fang and Harrison (2002a, b), which reproduced the 
macroscopic failure process quite well. 
But the proposed elastic-brittle models cannot represent the relation between 
degradation rate and confining pressure. It was shown (Figures 3.7 and 3.8) that the 
strength degradation from peak to residual value is a gradual process. Therefore, it is 
necessary to incorporate the slope of the softening curve into the strength degradation 
model.  
 
Figure 3.10: Strain - softening behavior of rock [modified from Alonso (2003)]. 
The rate of strength drop or the slope of the softening stage may be expressed by 
(-tan s), where s is the angle of the slope as shown in Figure 3.10. If the rate of 
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strength drop approaches infinity, the material behaves perfectly brittle, and, if the 
rate is zero, perfectly plastic behavior is observed. It is clear that perfectly brittle and 
perfectly plastic behavior models are particular cases of the strain - softening model 
(Alonso 2003).  
The new degradation model which can represent both strength degradation and 
degradation drop rate is developed on the basis of the degradation model by Fang & 
Harrison (2002), shown in Figures 3.11. 
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Figure 3.11: Idealized elemental constitutive model comprising strength degradation and dilation. 
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Figure 3.12: Illustration of the definition of the degradation index. 
Figure 3.12 shows mechanical strength degradation under different confining 
pressures. (σ is peak stress, ∆σ is strength degradation and σd is residual strength). 
Here we define the ratio between ∆σ and σ as degradation index.  
 dr
σ
σ
∆=  (3.18)
For the relation between the degradation index and the confining pressure based on 
lab test results the following expression was proposed by Fang and Harrison (2002a, 
b):  
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 3exp( )dr A B Cσ= +  (3.19)
where A, B and C are the fitting parameters, which can be estimated by using linear 
regression on experimental data. 
For intact rock with a = 0.5 the Hoek-Brown criterion (Eq.(3.12)) can be written as: 
  21 3 3 ( )b ci cim sσ σ σ σ σ= + +  (3.20)
Furthermore: 
2
3 3
2 2
3 3
( )
(1 ) (1 ) (1 ) (1 ) ( ) (1 )
d d d d
d b ci ci
d d d b d ci d ci d
m s
r r m r r r s
σ σ σ σ σ
σ σ σ σ σ σ σ σ
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= − ∆ = − = − + − − + −
 
(3.21)
where σcid, mbd and sd are the residual strength parameters after degradation. 
Comparing these two expressions, we can use the degradation index to calculate 
residual strength parameters approximately.  
 
(1 )
(1 )
d
ci ci d
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b b d
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s s
σ σ= −
= −
=
 (3.22)
FLAC3D contains the Hoek-Brown failure criterion, which can model the degradation 
behavior. Material softening after the onset of plastic yield can be simulated by 
specifying a change in mechanical properties (i.e., by reduction the overall material 
strength) according to a softening parameter.  
 
Figure 3.13: Variation of strength parameter with plastic parameter. 
The softening parameter selected for the Hoek-Brown model in FLAC3D is the plastic 
confining strain component, e3p, which is expected to correlate with the microcrack 
damage in the σ3 direction (Itasca 2006). Softening behavior is provided by specifying 
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tables that relate each of the properties σci, mb, and s to e3p, as shown in Figure 3.13. It 
should be noticed that the plastic flow does not occur in the intermediate principal 
stress direction in FLAC3D, so the e3p (equals to evp - e1p) here is different from plastic 
lateral strain ε3p in lab measurements. 
It is assumed that the strength parameters decrease linearly in the degradation stage 
once e3p > 0. The degradation rate depends on the accumulated plastic strain ∆e3p in 
the degradation stage. Moreover, as Figure 3.11 shows, increasing the confining 
pressure causes decreased accumulated plastic strain ∆e3p in the degradation stage. By 
looking into typical laboratory results, a fitting function to describe this relation 
between ∆e3p and confining pressure is recommended: 
 3 1 1 1 3exp( )
pe A B C σ∆ = +  (3.23)
where A1, B1 and C1 are the fitting parameters, which can be estimated by using linear 
regression on experimental data. 
3.2.2.4 Dilation associated with mechanical degradation 
Experimental observations of rock failure show that the failure process is closely 
associated with rock dilation. Following an initial period of elastic contraction the 
volumetric response tends to dilation as the material enters the inelastic stage that is 
characterized by the development and coalescence of microcracks (damage). 
When rock is subjected to triaxial compression, the rate of dilation tends to reduce 
with increasing confining pressure (Mogi 2006, Hoek 2002, Karstunen et al. 1997). A 
typical examples is shown in Figure 3.14. 
 
Axial strain (millistrain) 
Figure 3.14: Volumetrical vs axial strain for a sandstone [modified from Hassani et al. (1984)]. 
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A schematic illustration of the dilation process of rocks is presented by Zhao and Cai 
(2010) in Figure 3.15. The cubes in the volumetric strain - axial strain relation show 
the relative change of rock volume during deformation. The dilation process is 
described by them in detail: After the stage of elastic compression, local tensile stress 
will be generated due to material heterogeneity (difference in grain size and material 
properties of the grains and the binder between them). A weak grain boundary may 
serve as a microcrack source under the action of tensile stresses. Microcracks form or 
propagate mainly in the direction parallel to the maximum compressive stress.  
 
Figure 3.15: Differential stress versus axial strain and corresponding volumetric strain for rocks under 
triaxial compressive load with indication of damage stage to illustrate the principle of dilation [Zhao 
and Cai (2010)].  
The onset of dilation (i.e. crack initiation threshold) is marked as the point where 
volumetric strain curves depart from linearity (point A and E, respectively) and 
generally starts at stress levels of approximately 0.3 ~ 0.5 times the peak uniaxial load. 
From this point, relative dilation increases gradually, but the volume of the rock 
sample still continuously decreases until a minimum value is reached (point F). At this 
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moment (point B), crack density is sufficient for cracks to coalesce to form tensile 
spalls or shear bands, volumetric strain reversal occurs and unstable crack growth 
begins (i.e. crack damage threshold). Onset of crack damage starts at stress levels of 
approximately 0.7 ~ 0.8 times the peak strength. With further increase of the 
differential stress, rock dilation increases substantially connected with macrocracks or 
shear band formation. As the load further increases, the dilation will not increase at 
the same rate as before but gradually decrease and finally reach a constant value even 
if axial deformation still increases (point D or H). 
In continuum mechanics, the parameter most widely used to measure dilation is the 
dilation angle (ψ), which can be obtained from triaxial compression tests by 
calculating plastic axial and volumetric strain increments. The physical meaning of ψ 
can be understood by considering frictional sliding, either along microcracks or along 
particles as shown in Fig 3.16. 
 
Figure 3.16: Dilation associated with sliding along microcracks and particles [modified from 
Detournay (1986)]. 
In classicalplasticity theory with associated flow rule, this dilatancy behavior is 
ensured by orthogonal flow rule, which requests dilation angle equals internal 
frictional angle. Ladanyi and Archambault (1970, 1972) conducted triaxial tests on 
limestone and confirmed the applicability of the orthogonal flow rule. But other 
experimental results showed it was not always appropriate. Therefore, the flow rule 
should be chosen based on the particular dilatancy behavior observed during the 
experiments (Zhang 2010). In order to describe the dilatancy behavior with respect to 
different confining pressure, Yuan and Harrison (2004) proposed an empirical dilation 
index, which was defined as the ratio of the apparent dilation angle a rock possessed 
at any particular confining stress level to that under uniaxial compression (Figure 
3.17). 
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Figure 3.17: Illustration of the definition of the dilation index [Yuan and Harrison (2004)]. 
In their work the dilation index is given by 
 1
0 1 0
arctan( / )
arctan( / )
p p
p v p
d p p
v
I
θ ε ε
θ ε ε
∆ ∆= = ∆ ∆  (3.24)
where ∆evp and ∆e1p are the incremental plastic volumetric strain and the incremental 
plastic axial strain, respectively. Subscript 0 indicates quantities under uniaxial 
compression. 
The value of Id = 1 represents the case of uniaxial compression (i.e. the greatest 
dilation) and Id = 0 represents zero volumetric expansion (i.e. the least dilation). It is 
seen from Figure 3.17 that, as the confining stress increases, dilation reduces 
following the reduction in the apparent dilation angle. 
Two expressions to describe changes in dilation with respect to confining pressure are 
suggested by Yuan and Harrison (2004): 
either in power form: 
 3 0(1 / ) d
m
d dI σ σ= −  (3.25)
or in negative exponential form:  
 3exp( )d dI m σ= −  (3.26)
However, this idealized bilinear dilation behavior may not represent the dilation 
perfectly at residual stage, because for a certain confining pressure level the rate of 
dilation is constant and the dilation of rock is assumed to increase infinitely as the 
rock deforms. Actually, the rate of dilation is not constant, and it gradually decreases 
and eventually reaches zero when rock undergoes large deformation, which is shown 
in Figure 3.14. Some researchers (e.g. Alejano and Alonso 2005) pointed that it might 
be unrealistic to use a constant dilation angle after peak strength, and they concluded 
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that dilation angle should be a function of plastic parameters and confining stress. 
 
Figure 3.18: Dilation angle versus plastic shear strain relationship for Witwatersrand quartzite under 
different confining stresses including best fitting curves [Zhao and Cai (2010)]. 
In order to overcome this disadvantage, a mobilized dilation angle model which 
considers the influence of confining stress and plastic shear strain was developed by 
Zhao and Cai (2010). The relation between dilation angle and plastic shear strain (γp) 
under different confining pressures was captured by nonlinear fitting curves (Figure 
3.18). 
The fitting equations for the relation between plastic shear strain and dilation angle 
for rocks under different confining pressures are expressed as: 
 [exp( ) exp( )] / ( )p pab b c c bψ γ γ= − − − −  (3.27)
where a, b and c are fitting coefficients. The three fitting coefficients control the shape 
of the curve differently. The relationships between coefficients a, b, c and confining 
pressure σ3 were determined by an empirical approach: 
 
3
1 2 3 3
1 2 3 3
1 3
exp( / )
exp( / )
( )c
a a a a
b b b b
c c c
σ
σ
σ
= + −
= + −
= +
 (3.28)
Finally, the relationship between the plastic shear strain in the proposed expression for 
the dilation angle and the characteristic plastic parameters for strain - softening were 
deduced according to the principle of non-associated flow rule in the strain - softening 
models (Eq.3.27). The results were found to be in good agreement with experimental 
results by implementing the proposed mobilized dilation angle model in FLAC3D.  
By adopting the approach from Yuan and Harrison, a relationship between dilation 
and plastic confining strain of brittle granite is established according to the flow rule 
in the Hoek-Brown model. The flow rules for the Hoek-Brown model are 
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characterized by the following: if the yield criterion Eq.(3.12) is violated by the 
stresses, then the strain increments (prescribed as independent inputs to the model) are 
assumed to be composed of elastic and plastic parts: 
 
1 1 1
2 2
3 3 3
e p
e
e p
e e e
e e
e e e
∆ = ∆ + ∆
∆ = ∆
∆ = ∆ + ∆
 (3.29)
Note that plastic flow does not occur in the intermediate principal stress direction. 
The following flow rule is assumed: 
 1 3
p pe eγ∆ = ∆  (3.30)
We need to consider an appropriate flow rule, which describes the volumetric 
behavior of the material during yielding. In general, the flow parameter γ will depend 
on stress, and possibly on history. Three cases are considered below. 
Associated Flow Rule: 
An associated flow rule is one in which the vector of plastic strain rate is normal to 
the yield surface. 
 pi
i
Fe γ σ
∂∆ = − ∂  (3.31)
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combined with Eq.(3.30) yields: 
 13
1
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(3.33)
Under the condition of uniaxial tension, we might expect that the material would yield 
in the direction of the tensile traction. This condition is fullfiled by the radial flow rule, 
which is assumed to apply when all principal stresses are tensile. For a flow-rate 
vector to be coaxial with the principal stress vector, we obtain: 
Radial Flow Rule: 
 1
3
rf
σγ σ=  (3.34)
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Constant-Volume Flow Rule:  
As the confining stress is increased, a point at which the material no longer dilates 
during yielding is reached. A constant-volume flow rule is therefore appropriate when 
the confining stress is above a user-prescribed level, σ3 = σ3cv. This flow rule is given 
by 
 1CVγ = −  (3.35)
Composite Flow Rule:  
We propose to assign the flow rule (and, thus, a value for γ) according to the stress 
condition. In the fully tensile region, the radial flow rule (γrf) will be used. For 
compressive σ1 and tensile or zero σ3, the associated flow rule (γaf) is applied. For the 
interval 0 < σ3 < σ3cv, the value of γ is linearly interpolated between the associated and 
constant-volume limits: 
 3
3
1
1 1 1( ) CV
af CV af
γ σ
γ γ γ σ
=
+ −
 
(3.36)
Finally, when σ3 > σ3cv, the constant volume value, γ = γcv, is used. 
It should be noticed that, if σ3cv is set equal to zero, then the model approaches a 
non-associated flow rule with zero dilation. If σ3cv is set to a very high value relative 
to σci, the model approaches an associated flow state. 
The volumetric response of a compressed cubic element in plastic stage is shown in 
Figure 3.19. 
 
Figure 3.19: Volumetric strain versus axial strain. 
In the plastic stage the slope k of curve of volumetric strain versus axial strain epends 
on the flow parameter γ: 
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when σ3 > σ3cv and γ = γcv = -1, then: k = 0. 
when 0 < σ3 < σ3cv, 
3
3
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, is used, then the slop k is 
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The slope k is a function of various parameters: σci, mb, s, a, σ3 and σ3cv. Since σci, mb, 
s and a are the strength parameters which have a constant value in certain stage and 
σ3cv is a user-prescribed stress level, we can control the slope k by setting a suitable 
value of σ3cv in the loading process. Then volumetric response can be represented by 
fitting user-prescribed σ3cv to lab observation. The confining pressure dependent σ3cv 
can be rewritten from Eq.(3.38) ~ (3.40):  
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Figure 3.20: Volumetric strain versus axial strain for different loading stages. 
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By replacing the strength parameters and user-prescribed σ3cv in each stage, slope k in 
Figure 3.20 can be expressed as: 
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 (3.42)
kAB varies linearly between kA and kB.  
(σ3cv)AB and (σ3cv)BC can be obtained from lab observations by using Eq.(3.41). If 
constant values for (σ3cv)AB and (σ3cv)BC under certain confining pressures are assumed, 
the nonlinear dilation curve can be simplified into an analogous-trilinear form. 
The more accurate nonlinear dilation behavior can also be described by the relation 
between σ3cv and plastic strain under certain confining pressure levels. But this 
complicated form may contain too many fitting parameters to apply in practical 
problems, and may consequently lead to confusing results in simulations.  
Therefore, a simple negative exponential form of relation between constant σ3cv and 
confining pressure is recommended based on laboratory observations: 
where A2, B2, C2, A3, B3 and C3 are the fitting parameters, which can be estimated by 
using linear regression on experimental data. 
To sum up, an idealized elemental confining pressure sensitive constitutive model has 
been developed based on typical lab curves of granites, which can describe the 
degradation and the dilation process of brittle rock. 
3.3 Mechanical laboratory testing of Aue–Schwarzenberg granite 
In order to determine the mechanical parameters and failure mechanisms of granite, a 
series of experiments were carried out. The whole experimental program comprises 
ultrasonic wave speed measurements, Brazilian tests, uniaxial compressive tests and 
triaxial compression tests. All the experiments were done at the Rock Mechanical 
Laboratory of the Geotechnical Institute at the Technical University Bergakademie 
Freiberg. 
 3 3 2 2 2 3
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σ σ σ
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= + +  (3.43)
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3.3.1 Rock sample characteristics and preparation 
 
Figure 3.21: Granite samples from Eibenstock II. 
Within the Saxothuringian segment of the Central European Variscides, the 
Erzgebirge–Vogtland Zone (Figure 3.22) constitutes a region where granitic rocks 
are particularly widespread. All the granite samples used in this research were taken 
from this region, and they were divided into six groups according to their locations: 
Aue, Eibenstock I, Eibenstock II (Figure 3.21), Kirchberg I, Kirchberg II, and 
Wiesenbad. 
 
Figure 3.22: Geological map of the Erzgebirge–Vogtland Zone, with the Aue–Schwarzenberg Granite 
Zone shown as inset map [Förster et al. (2009)]. 
All the samples are prepared according to the requirements of ISRM (Suggested 
Methods for Laboratory Testing) and stored in dry air at room temperature before 
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testing. In this section 3.3, only the laboratory results of Eibenstock II granite were 
listed exemplary. The results of all six groups can be found in the Appendix. 
3.3.2 Ultrasonic wave speed measurements 
 
Figure 3.23: Computer-based ultrasonic wave speed measuring device. 
Table 3.2: Ultrasonic wave speed measurement results of Eibenstock II granite samples. 
Sample 
Density 
Dynamic Poisson's 
ratio 
Dynamic elastic 
modulus 
Dynamic shear 
modulus 
(kg/m3) / (GPa) (GPa) 
EiII.Uni.3/1 2.594 0.239 30.9 12.47 
EiII.Uni.3/2 2.592 0.262 30.59 12.12 
EiII.Uni.3/3 2.595 0.266 31.9 12.6 
EiII.Uni.3/4 2.592 0.254 31.83 12.69 
EiII.Tri.3/1 2.593 0.265 32.22 12.74 
EiII.Tri.3/2 2.591 0.285 29.73 11.57 
EiII.Tri.3/3 2.592 0.233 30.53 12.16 
EiII.Tri.3/4 2.591 0.267 30.84 12.17 
Ultrasonic wave speed measurement is used as a method to determine the velocity of 
propagation of P and S waves of rock samples in the lab. The used computer-based 
ultrasonic wave speed measuring device is shown in Figure 3.23. In rock mechanics, 
this technique is regularly used for determination of elastic wave velocity, dynamic 
elastic modulus and Poisson's ratio, and also applied to evaluate rock quality and 
identify cracks and defects in the rock matrix. 
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3.3.3 Brazilian tests 
          
Figure 3.24: Rock mechanics test system MTS 20/M and its loading jaws. 
The rock mechanical test system MTS 20/M (Figure 3.24) was employed for the 
indirect tensile tests. The disc was loaded with a constant loading rate of 200 N/sec 
until failure. 
 
Figure 3.25: Typical fracture pattern of Eibenstock II samples after Brazilian test. 
Table 3.3: Brazilian test results of Eibenstock II granite samples. 
Sample 
Diameter Length Failure Load Tensile Strength 
(mm) (mm) (N) ( MPa) 
EiII.Ten.3/1 49.39  26.64  12942  6.26  
EiII.Ten.3/2 49.41  26.58  15317  7.43  
EiII.Ten.3/3 49.43  27.22  14028  6.64  
EiII.Ten.3/4 49.41  26.28  14793  7.25  
EiII.Ten.3/5 49.41  26.54  15262  7.41  
EiII.Ten.3/6 49.42  25.98  12489  6.19  
EiII.Ten.3/7 49.43  26.65  15489  7.49  
EiII.Ten.3/8 49.42  26.47  15349  7.47  
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3.3.4 Uniaxial compressive tests 
The Compression System TIRAtest 28500 (Figure 3.26) was employed for the 
uniaxial compressive tests. The peak strength of samples was obtained during the 
uniaxial compression tests and the Young's modulus determined at 50 % peak load 
(E50) from deformation measurements. 
      
Figure 3.26: TIRAtest 28500 system and loading plates. 
 
Figure 3.27: Typical failure pattern of Eibenstock II granite after uniaxial compressive test. 
 Table 3.4: Uniaxial compressive test results of Eibenstock II granite samples. 
Sample 
Uniaxial failure stress E50 
(MPa) (GPa) 
EiII.Uni.3/1 108.76 30.39 
EiII.Uni.3/2 125.26 31.97 
EiII.Uni.3/3 128.11 32.31 
EiII.Uni.3/4 120.01 31.56 
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3.3.5 Triaxial compression tests 
 
Figure 3.28: MTS 815 Rock Testing System. 
A stiff (9×109 N/m) servo-controlled loading frame (MTS 815, Figure 3.28) was 
employed for the triaxial compression tests. The maximum compressive force is 
3600 KN. A high accuracy load cell with a range of 0 ~ 1000 kN (calibration 
error < 0.05 %; sensitivity = ± 0.5 kN) was used. The confining pressure system is 
servo-controlled. Maximum oil pressure is 40 MPa. The system is run by the control 
packages TestStarII Control System and TestWare, both from MTS. 
 
      5 MPa               10 MPa              20 MPa               30 MPa 
Figure 3.29: Failure pattern of Eibenstock II granite samples under different confining pressures. 
Typical failure pattern for different confining pressures ranging from 5 ~30 MPa are 
shown in Figure 3.29. A macroscopic shear fracture penetrates the whole sample after 
failure of the samples, which is a typical brittle failure characteristic. But the 
macroscopic shear fracture under high confining stress contains more microcracks, 
which turns to become more like a plastic shear band. The complete strain stress 
curves from the triaxial compression tests are shown in Figure 3.30. 
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Figure 3.30: Complete set of stress strain curves for different confining pressures (Eibenstock II 
granite). 
 
a) Peak strength                             b) Residual strength 
Figure 3.31: Strength envelopes for Hoek-Brown and Mohr-Coulomb failure criteria (Eibenstock II 
granite). 
 Hoek-Brown  Classification 
 intact uniaxial comp. strength (sigci) = 10.9 MPa
 GSI = 95    mi = 42  Disturbance factor (D) =0
 intact modulus (Ei) = 31320 MPa 
 Hoek-Brown  Criterion 
 mb = 42    s = 0.57    a = 0.50 
 Mohr-Coulomb  Fit 
 cohesion = 9.49 MPa  friction angle = 35.05 deg
 Rock Mass Parameters 
 tensile strength = -0.15 MPa 
 uniaxial compressive strength = 8.26 MPa 
deformation modulus = 31142.37 MPa 
 Hoek-Brown  Classification 
 intact uniaxial comp. strength (sigci) = 106 MPa 
 GSI = 100    mi = 42    Disturbance factor (D) =0
 intact modulus (Ei) = 31320 MPa 
 Hoek-Brown  Criterion 
 mb = 44    s = 1.00    a = 0.50 
 Mohr-Coulomb  Fit 
 cohesion = 23.66 MPa    friction angle = 53.73 deg
 Rock Mass Parameters 
 tensile strength = -3.02 MPa 
 uniaxial compressive strength = 106 MPa 
deformation modulus = 31142.37 MPa 
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The complete stress strain curves show that with increase of confining pressure, the 
ductile characteristics of the granite become more obvious, the plastic deformation is 
enhanced, and peak and residual strength are also enhanced. All the confining 
pressure dependent behavior appears similar to that described in literature. The peak 
and residual strength envelope and the Hoek-Brown strength parameters are shown in 
Figure 3.31. 
 
Vertical strain ε1 
Figure 3.32: Complete stress-strain curve with characteristic parameters. 
Based on the constitutive law for brittle rock described in chapter 3.2, a series of 
parameters (shown in Figure 3.32) can be measured using the complete stress-strain 
curve. The characteristic parameters of Eibenstock II granite under different confining 
pressures are shown in Table 3.5. Notice that rd, ∆e3p, (σ3cv)AB-σ3 and (σ3cv)BC-σ3 are 
calculated from the observed parameters σ, ∆σ, ∆e1p, ∆evp, kAB and kBC. 
Table 3.5: Triaxial parameters of Eibenstock II granite samples. 
σ3 σ ∆σ rd ∆e1p ∆evp ∆e3p kAB kBC (σ3cv)AB-σ3 (σ3cv)BC-σ3 
MPa MPa MPa / % % % / / MPa MPa 
0 110 100 0.9 1.00E-03 10 10 / / 300 200 
5 180 130 0.72 8.30E-02 7.5 7.4 90 3.3 195 75 
10 260 150 0.58 0.15 5.3 5.15 34 2.3 140 25 
20 340 170 0.5 0.3 4 3.7 13 0.77 90 10 
30 430 170 0.4 0.4 3.4 3 8.5 0.56 70 8 
As described in section 3.2.2, the relation between degradation and dilation 
parameters and confining pressure can be set up by empirical relations using 
exponential fitting equations as shown in Figure 3.33.  
  
  
  
  
  
  
  
Ve
rti
ca
l s
tre
ss
 σ
1 
  
  
  
  
σ 
∆σ
∆e1
400
300
200
100
0
-0.04
-0.03
-0.02
-0.01
0
0.01
0.01 0.005 0.010 0.015 0.020 0.025
Elastic Degradaion Residual
Laboratory data
Hypothesis curveK AB
KBC
B
A
C
∆evp
∆e1p
  
  
  
  
  
 V
ol
um
et
ric
al
 st
ra
in
 ε v
  
  
  
  
 
Chapter 3 Failure mechanism of brittle rock 
 
 
82 
0 10 20 30
0.4
0.6
0.8
1.0
30.374 0.524exp( 8.459 )dr σ= + −
 rd
 Fitting curve
D
eg
ra
da
tio
n 
in
de
x 
r d
Confining pressure σ3 (MPa)
0 10 20 30
0.02
0.04
0.06
0.08
0.10
3 30.026 0.075exp( 9.805 8 )
pe e σ∆ = + − −
∆e3p
 Fitting curve
A
cc
um
ul
at
ed
 p
la
st
ic
 st
ra
in
 ∆e
3p
Confining pressure σ3 (MPa)  
0 10 20 30
50
100
150
200
250
300
350
3 3 3( ) 6.40 7 2.35 8exp( 1.14 7 )
CV
AB e e eσ σ σ= + + − −
 ( σ
3
cv)
AB
 Fitting curve
( σ
3c
v ) A
B
 (M
Pa
)
Confining pressure σ3 (MPa)
0 10 20 30
0
50
100
150
200
3 3 3( ) 6.64 6 1.94 8exp( 2.16 7 )
CV
BC e e eσ σ σ= + + − −
( σ3cv)BC
 Fitting curve
( σ
3c
v ) B
C (
M
Pa
)
Confining pressure σ3 (MPa)  
Figure 3.33: Observed degradation and dilation behavior at different confining pressures and 
corresponding fitting curves.  
The four degradation and dilation parameters decrease with increasing confining 
pressure, which leads to a peak and residual strength increase and a reduced dilation 
rate with increasing confining pressure.  
3.4 Numerical simulation of triaxial compression tests for Eibenstock II granite 
The numerical modeling procedure to simulate the deformation and failure process of 
granite under triaxial loading follows this scheme:  
(1) Discretize the granite sample into a multi-element system. 
(2) Mechanical parameters are assumed to obey a stochastic distribution to introduce 
material heterogeneity. The stochastic distribution is achieved by assigning 
parameters to each element randomly. 
(3) The numerical servo-controlled method is adopted to simulate the triaxial loading 
process of the rock sample in order to obtain the complete stress–strain curve up to 
macroscopic failure process (post failure region). 
(4) In the elastic stage, the stress and strain of each element follows the generalized 
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Hooke's law. 
(5) The Hoek-Brown criterion is used to determine whether the element yields or not.  
(6) Once an element yields, it goes into the post failure stage and strength and 
deformation behavior is controlled by the degradation and dilation model described in 
section 3.2. 
3.4.1 Numerical model of single cubic element 
 
Figure 3.34: Loading conditions for numerical triaxial compression test. 
A single element is the basic and smallest unit of the numerical model (micro-scale). 
It is also the smallest unit which can reach the post-failure region. The macroscopic 
fracture is represented by the coalescence of several (many) failed elements during the 
loading process. This leads to an extremely complicated no-linear mechanical 
response. 
A single-zone model is used to simulate the triaxial loading test to check the 
mechanical response and the constitutive law. The triaxial loading conditions are 
illustrated in Figure 3.34. All the degradation and dilation constitutive laws were 
implemented into FLAC3D by using the embedded FISH language.  
The mechanical parameters and fitting coefficients are adopted from the laboratory 
results of Eibenstock II granite, which are listed in Table 3.6 and Table 3.7. 
Table 3.6: Elemental parameters of rock deduced from laboratory tests.  
Elemental parameters Value Elemental parameters Value 
Elastic modulus E 31 GPa 
Hoek–Brown constants
mb 42 
Poisson' ratio ν 0.26 S 1.0 
Uniaxial compressive strength σci 106 MPa a 0.5 
 
 
Chapter 3 Failure mechanism of brittle rock 
 
 
84 
Table 3.7: Fitting coefficients for confining pressure dependent parameters. 
rd ∆e3p (σ3cv)AB-σ3 /(Pa) (σ3cv)BC-σ3 /(Pa) 
A B C A1 B1 C1 A2 B2 C2 A3 B3 C3 
0.374 0.524 -8.459 0.026 0.075 -9.80E-08 6.4 2.35 -1.14E-07 6.64 1.94 -2.16E-07
The simulated stress-strain behavior under 20 MPa confining pressure is shown in 
Figure 3.35. 
 
Figure 3.35: Vertical stress versus axial and volumetric strain for single element under confining 
pressure of 20 MPa (triaxial test).  
Results obtained by lab tests and corresponding numerical simulations under different 
confining pressures from 0 to 30 MPa are shown in Figure 3.36 ~ 3.38. 
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      a. Laboratory results                      b. Numerical simulation 
Figure 3.36: Axial stress versus axial strain (lab results and simulated singe-zone results) for triaxial 
compression test with confining pressures ranging from 5 to 30 MPa. 
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Figure 3.37: Axial stress versus lateral strain (lab results and simulated singe-zone results) for triaxial 
compression test with confining pressures ranging from 5 to 30 MPa. 
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Figure 3.38: Volumetric strain versus vertical strain (lab results and simulated singe-zone results) for 
triaxial compression test with confining pressures ranging from 5 to 30 MPa. 
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A satisfying agreement between numerical simulation and laboratory results indicates 
that the degradation and dilation model in combination with the Hoek-Brown criterion 
can represent the mechanical behavior of granite quite well at the elemental scale. 
3.4.2 Introduction of heterogeneity 
Rock is an inhomogeneous material because it consists of many individual 
components including different minerals, grains, cement materials, voids and cracks. 
These individual components usually have different physical properties and 
consequently different responses under different loading conditions. 
The classical continuum approach considers constitutive equations governing linear or 
non-linear relations between stress and strain but ignores the heterogeneity of rock 
material at the micro-scale. Such a simplification does not allow to describe the 
complexity of the whole failure process. Therefore, the spatial distribution of these 
heterogeneous properties in the rock material can play a dominant role in determining 
stress and strain distributions due to loading and further control of the failure process 
(Chen et al. 2010).  
Numerical methods coupled with the fracture criteria become a promising tool to 
investigate the complicated fracture behavior of rock materials, such as the studies of 
Ofoegbu (1992), Liao (1995), Tang (1997), Tang and Kaiser (1998), Blair and Cook 
(1998), Tang et al. (2000), Shao (2000), Fang and Harrison (2002a, 2002b, 2004) or 
Liu et al. (2004). 
Chen and Yue (2006) presented a method using digital image processing as a 
measurement tool to construct a digital representation for the actual spatial 
distribution of heterogeneity of rock samples. But because of the limitation of 
computer capacity and calculation speed, there is a scale problem when modeling 
large-scale macroscopic samples in the laboratory or in the field. Therefore, many 
researchers consider the heterogeneity by using statistical method based on the 
statistical analysis of microstructures.  
In the work of Liu et al. (2004) the Weibull distribution was introduced to characterize 
the rock heterogeneity. Results were compared with the homogenization method. The 
comparison is shown in Figure 3.39 which documents a surprisingly good agreement 
between both methods. 
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Figure 3.39: Comparison between homogenization and statistical modeling [Liu & Roquete (2004)]. 
The Weibull distribution is a continuous probability distribution. A general expression 
for the Weibull (2-Parameter) probability density function is given by Weibull (1954): 
 
exp
( ) , 0
0, 0
m
m xm
f x x
x
β β
⎧ ⎡ ⎤⎛ ⎞⎪ −⎢ ⎥⎜ ⎟= ≥⎨ ⎝ ⎠⎢ ⎥⎣ ⎦⎪ <⎩
 (3.44)
 
0
( ) ( ) 1 exp
m
xF x f x dx β
+∞ ⎡ ⎤⎛ ⎞= = − −⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦∫  (3.45)
where x is the random variable that follows the Weibull distribution  
m is the shape parameter describing the scatter of x 
β is a scale parameter 
 
   a) Probability density function f(x)              b) cumulative distribution function F(x) 
Figure 3.40: The Weibull distribution function for various values of shape parameter m.  
Figure 3.40 shows a number of distributions given by Eq.3.44 (shape parameter m 
β=1, m=0.5 
β=1, m=1 
β=1, m=1.5 
β=1, m=5 
β=1, m=0.5
β=1, m=1 
β=1, m=1.5
β=1, m=5
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varies from 0.5 to 5). 
The mean and variance of a Weibull random variable can be expressed as  
 
 
1( ) (1 )E x
m
β= Γ +  (3.46)
 2 2
2 1( ) (1 ) (1 )D x
m m
β ⎡ ⎤= Γ + − Γ +⎢ ⎥⎣ ⎦  (3.47)
where Γ is the Gamma function. The relationship between the scaled mathematical 
expectation E(x)/β, dispersion D(x)/β2 and shape parameter m is shown in Figure 3.41. 
As can be seen from Figure 3.41 a), with increasing shape parameter m (m ≥ 1), the 
scaled mathematical expectation approaches 1, that means the scale parameter β is 
approximately the mean value of the Weibull distribution. When m goes towards 
infinity, the mathematical dispersion, that means the variance goes towards zero. 
Therefore, the shape parameter m is also defined as the homogeneity index (Tang, 
2000) and the scale parameter β is defined as the mean value of the physical 
parameter. 
 
a) Scaled mathematical expectation             b) Scaled mathematical dispersion   
Figure 3.41: Scaled mathematical expectation and dispersion of the Weibull distribution with different 
shape parameters [modified from Liu and Roquete, et al. (2004)] . 
The mechanical effect of these two parameters were studied by Hudson (1969), Blair 
and Cook (1998), Huet (1997), Tang (2000), Harrison (2002), Cao (2004) and Feng 
(2006). Stress strain curves obtained by numerical modeling of uniaxial tests (uniaxial 
compressive strength follows the Weibull distribution) with different distribution 
parameters are shown in Figure 3.42. 
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 a) different scale parameters x = F0 (compressive strength)   b) different shape parameters m 
Figure 3.42: Simulated stress-strain relations for uniaxial compressive tests [Cao et al. (2004)]. 
The following conclusions can be drawn. When shape parameter m is fixed (Figure 
3.42 a), the general shape of the curve keeps the same, but peak strength is increasing 
with increasing parameter x = F0, which indicates that the scale parameter x reflects 
the degree of heterogeneity. Figure 3.42 b) shows, that the shape parameter m 
characterizes the brittleness. High values for m characterize brittle and low values 
more ductile behavior. Feng et al. (2006) confirmed these statements by AE 
observations during the rock failure process, as shown in Figure 3.43. With increasing 
homogeneity, the activity of AE is more and more concentrated around the emergent 
macroscopic fracture. That means in terms of the numerical model that the failed 
elements are closely grouped (formation of shear bands or tensile cracks). The local 
failure patterns in the pre-peak and in the post-peak regions are different in terms of 
amount of failed elements (micro-fractures) and interaction between them. For a rock 
sample with a low homogeneity index, failure of cell elements occurs throughout the 
entire loading process. For a specimen with a high homogeneous index, only a few 
elements fail in the pre-peak region, but massive failure of elements occurs 
concentrated close to the peak stress. The accumulation of local failures leads to the 
macro failure, and so the simulations can assist in understanding how to forecast rock 
fracture development. 
 
Figure 3.43: Stress–strain relation and AE counts for rock samples with different homogeneity index m 
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under uniaxial compression [Feng and Pan , et al. (2006)]. 
For the numerical modeling, the basic parameters, such as the uniaxial compressive 
strength σci, the elastic modulus E, etc., follow the Weibull distribution with shape 
parameter m and scale parameter β. These parameters are assigned to each element of 
the numerical model randomly. The random spatial distribution of the basic 
parameters reflects the internal structure (heterogeneity) of material under 
investigation. 
 
Figure 3.44: Principle of spatial parameter distribution in FLAC3D. 
Based on the probability distribution 0 ≤ F(x) ≤ 1, the Weibull distribution parameters 
can be generated from random numbers in [0,1]: 
  ( ) 1 exp
m
xu F x β
⎡ ⎤⎛ ⎞= = − −⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
 (3.48)
The inverse function is:  
 1 1/( ) [ ln(1 )] mx F u uβ−= = − −  (3.49)
Random number u can be generated by the URAND function in FLAC3D. Parameter x 
is calculated according to Eq.(3.49) which follows the Weibull distribution. 
Exemplary, the uniaxial compressive strength σci distribution in a model with different 
homogeneity index m is shown in Figure 3.45, its distribution after failure is shown in 
Figure 3.46, and the simulated stress-strain relations are shown in Figure 3.47. 
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    a) m = 1         b) m = 5           c) m = 10        d) m = 20          Unit: Pa 
Figure 3.45: Uniaxial compressive strength σci distribution in a model with different homogeneity 
index m. 
 
    a) m = 5          b) m = 10           c) m = 20         d) m = 30        Unit: Pa 
Figure 3.46: Uniaxial compressive strength σci distribution in the model after failure with different 
homogeneity index m. 
The influence of homogeneity index m on the failure process is documented by Figure 
3.45 and 3.46. The sample with lower homogeneity index m has more degraded 
elements after failure, the sample with higher homogeneity index m has less and the 
occurrence of degraded elements is more concentrated locally. Because of the random 
parameter distribution, the final macroscopic shear fractures which penetrate the 
whole sample are always slightly different in orientation, length, thickness and 
number. 
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Figure 3.47: Simulated stress-strain relations for models with different homogeneity index m. 
The distribution function and their corresponding statistical parameters for physical 
properties of the rocks should be determined by investigations at the micro scale. But 
this is an extremely complicated task. Therefore, in practice the distributions are 
obtained by certain assumptions based on experience, and the hypothesis is checked 
by back analysis. 
3.4.3 Numerical simulation of failure process during triaxial compression test 
Based on the elemental constitutive model and the incorporation of heterogeneity as 
described above a calculation scheme as shown in Figure 3.48 was developed to 
simulate the lab tests.  
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Hoek-Brown strength parameters: σci, mb, s, a
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End
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Y
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Figure 3.48: Flow chart of simulation procedure. 
The mechanical parameters used in the simulations are listed in Table 3.8. A series of 
3-dimensional numerical simulations of triaxial compression tests were conducted 
with FLAC3D. The model has a height of 100 mm and a diameter of 50 mm. The mesh 
contains 96000 elements and 100521 grid-points. A constant grid-point velocity of 
5e-8 m/step was applied at the top and bottom of the sample, respectively. A cutting 
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plane of the 3D model (Figure 3.49) was chosen to show the progressive failure 
process during the triaxial loading. 
 
Figure 3.49: Cutting plane of the 3D model. 
Table 3.8: Mechanical parameters. 
Mechanical parameters Fitting parameters (selected to SI units) 
Elastic modulus E (GPa) 31 A 0.37 A2 6.4 
Poisson' ratio ν 0.26 B 0.52 B2 2.35 
Uniaxial compressive strength σci (MPa) 106 C -8.46 C2 -1.14×10-7 
Hoek–Brown 
parameters 
 mb 42 A1 0.026 A3 6.64 
 s 1.0 B1 0.075 B3 1.94 
 a 0.5 C1 -9.8×10-8 C3 -2.16×10-7 
Distribution 
parameters 
 m 20     
 β 1.05     
During the simulation of the triaxial loading process the elements deform and reveal 
degradation and dilation. Considering the strength heterogeneity, the elements 
undergoing degradation and dilation will coalesce and then lead to the formation of 
macroscopic fractures. The simulated stress-strain curves under confining pressure of 
20 MPa are shown in Figure 3.49. Figures 3.51 ~ 55 display the fracture development 
and deformation evolution during the failure process for the selected points as marked 
in Figure 3.50. 
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Figure 3.50: Simulated complete axial stress-axial strain curve, volumetric strain - axial strain curve 
for triaxial compression test under confining pressure of 20 MPa. 
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Some conclusions can be drawn from the simulated failure process: 
(1) During the elastic deformation stage from point a to c nearly no damage happens; 
the volumetrical strain in every element is negative (compressive); no plastic shear 
strain happens; the principle stresses are homogeneously distributed and the 
displacement vectors are vertical. 
(2) Near peak load around point d, a few elements begin to degrade.  
(3) After the peak load, from point d to h, more and more elements lost their strength; 
the volumetrical strain turns into the positive range (dilation); plastic shear strain 
increases, that means elements show shear failure. The whole sample is in the 
degradation stage until point h; the most damaged elements form the shear band; the 
displacement vectors are oriented in different directions (development of ‘blocks’ 
with different movement direction). 
(4) From point h to point k the sample is in the residual stage; new macroscopic 
fractures are not generated, but volumetric strain and plastic shear strain are 
continuously increasing and the shear band became wider 
Several observation points were chosen to track the volumetric response in different 
parts of the sample. The recorded volumetric strain evolution is shown in Figure 3.56. 
The macroscopic fracture patterns for samples under different confining pressures are 
shown in Fig. 3.57. 
              
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
-2
0
2
4
6
8
10
12
14
V
ol
um
et
ric
 st
ra
in
 ε v 
(%
)
Vertical strain ε1 (%)
 5
 6
 7
 8
 9
 
Figure 3.56: Volumetrical strain evolvements in different parts of sample. 
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a)               b)               c) 
Figure 3.57: Macroscopic shear fractures (numerical sample and real sample). 
Simulation results for triaxial lab tests under different confining pressures (5 MPa, 
10 MPa, 20 MPa, 30 MPa) are shown in Figures 3.57 to 3.61. 
 
a) 5 MPa           b) 10 MPa           c) 20 MPa          d) 30 MPa       Unit: Pa 
Figure 3.58: Uniaxial compressive strength after degradation under varied confining pressure (residual 
stage). 
 
 
a) 5 MPa           b) 10 MPa           c) 20 MPa          d) 30 MPa 
Figure 3.59: Volumetric strain after degradation under varied confining pressure (residual stage). 
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a) 5 MPa           b) 10 MPa           c) 20 MPa          d) 30 MPa 
Figure 3.60: Shear strain after degradation under varied confining pressure (residual stage). 
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Figure 3.61: Simulated stress-strain behavior for different confining pressures. 
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3.5 Conclusions 
This chapter describes the stress-strain and failure characteristics of brittle rocks at the 
laboratory scale. A set of mechanical parameters and functions for granites from the 
Erzgebirge–Vogtland region have been determined based on different rock mechanical 
tests in our laboratory. 
By analyzing the complete stress-strain curves obtained by triaxial compression tests 
the failure process for granite was studied. Some typical characteristics such as elastic 
compression and confining pressure dependent strength degradation and volume 
dilation in the post-failure region were revealed. With the increase of confining 
pressure, the ductile characteristics of granite become more obvious, plastic 
deformation as well as peak and residual strength are enhanced, and finally the 
dilation tends to become stable.  
Based on these findings a modified elemental elasto-plastic constitutive law was 
developed which includes strength degradation, dilation and adoption of flow rule for 
the Hoek-Brown failure criterion. Heterogeneity was introduced by Weibull 
distribution parameters. Via the internal program language FISH the modified 
constitutive law combined with heterogeneous parameter distribution was 
implemented into the numerical code FLAC3D. Using the new developed constitutive 
law a good agreement was found between the numerical simulation results and the 
laboratory measurements. This shows that the modified constitutive law is appropriate 
to describe the complete material behavior of brittle rocks including the post failure 
stage. But it should be noticed that this is a phenomenological constitutive relation, 
which does not consider the damage and fracture process on the basis of the concept 
of fracture mechanics. 
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Chapter 4 
Hydro-Mechanical behavior of rock 
4.1 Introduction 
Hydro-mechanical response in a rock is identified as the interaction between the solid 
phase of the rock materials and any interstitial fluid. One direction of the interaction is 
that mechanical perturbation, such as strain, may cause restructuring of the rock 
skeleton, which can lead to alteration of both the permeability and interstitial fluid 
pressure. The other direction of the interaction means, that variation in the interstitial 
fluid pressure may cause deformation, or even fracturing, of the solid rock material. 
The earliest theory to account for the influence of pore fluid on the quasi-static 
deformation of soils was developed by Terzaghi (1923), who proposed a model of 
one-dimensional consolidation. This theory was generalized to three-dimensions by 
Rendulic in 1936. However, it is Biot who in 1935 and 1941 first developed a linear 
theory of poroelasticity that is in consistence with the two basic mechanisms outlined 
above. Essentially the same theory has been reformulated several times by Biot 
himself (Biot 1943, 1956), by Verruijt (1969) in a specialized version for soil 
mechanics, and also by Rice and Cleary (1976), who linked the poroelastic parameters 
to concepts that are well understood in rock and soil mechanics. Until now Biot's 
poroelastic theory is the most extensively used method to study fluid mechanical 
coupled processes in porous solid material. But as a phenomenological approach of 
poroelasticity, which is mainly described by the mechanics of porous media, it may 
not completely suit for rock material. This chapter is firstly concerned with the 
formulation and analysis of coupled fluid- mechanical processes within the 
framework of Biot’s poroelastic theory. Then the evolution of the Biot's coefficient 
due to micro-structure of rock material is discussed. Drained and undrained triaxial 
tests were conducted on Eibenstock granite and some coupled parameters were 
measured or calculated. The drained and undrained tests were simulated with FLAC3D 
and the failure strength under constant fluid pressure is predicted in simulations by 
inducing a trilinear Biot's coefficient variation in the pre-failure stage. 
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4.2 Poroelastic theory 
4.2.1 Linear isotropic case 
The theory of linear isotropic poroelasticity was introduced by Biot in 1941 to 
describe the mechanism of consolidation of soils (Biot 1941). Some symbols of the 
constitutive constants used in Biot’s original article are redefined in this chapter to 
avoid confusion and to unify the symbol system with other chapters.  
In order to describe completely the macroscopic condition of porous soil, an 
additional variable ζ is defined as increment of water volume per unit volume of soil. 
This quantity describes the variation in water content. The increment of water 
pressure is denoted by p. 
Considering a cubic element of soil, the macroscopic conditions can be defined by 
functions of the stresses and water pressure. Therefore, the seven variables {σx, σy, σz, 
τxy, τyz, τzx , p} are related to those seven variables {εx, εy, εz, γxy, γyz, γzx , ζ}. 
First considering the particular case without water pressure (p = 0) and assuming the 
soil is isotropic, these relations reduce to the well know expressions of Hooke’s law 
for an isotropic elastic body: 
 
( )
( )
( )
/
/
/
x
x y z
y
y x z
z
z x y
xy xy
yz yz
zx zx
E E
E E
E E
G
G
G
σ νε σ σ
σ νε σ σ
σ νε σ σ
γ τ
γ τ
γ τ
⎧ = − +⎪⎪⎪ = − +⎪⎪⎨ = − +⎪⎪ =⎪ =⎪⎪ =⎩
 (4.1)
The additional effect of water pressure leads to Eq.(4.2).  
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 (4.2)
where H is an additional physical constant introduced by Biot. 
The most general relation to consider the dependence of the increment of water 
content ζ on stress and water pressure should have the follow form: 
 1 2 3 4 5 6 7x y z xy yz zxa a a a a a a pζ σ σ σ τ τ τ= + + + + + +  (4.3)
Because of the isotropy of material the change in shear strain cannot affect the water 
content, therefore a4 = a5 = a6 = 0 and the parameters in all three directions must have 
equivalent properties (a1 = a2 = a3). Therefore, Eq.(4.3) may be written in the form: 
 
1
1 ( )
3 x y z
p
H R
ζ σ σ σ= + + +  (4.4)
where H1 and R are two physical constants. In fact H1 = H, which is based on 
consideration of the potential energy of the soil. These are the fundamental relations 
describing completely in first approximation the properties of the soil in terms of 
stress, strain and water content under equilibrium conditions. Stresses expressed as 
functions of strain and water pressure lead to the following set of equations:  
 
2 ( )
1 2
2 ( )
1 2
2 ( )
1 2
x x
y y
z z
xy xy
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zx zx
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 (4.5)
where 2(1 )
3(1 2 )
G
H
να ν
+= −   
In the same way,  
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 /p Qζ αε= +  (4.6)
According to Eq.(4.6), α measures the ratio between water volume squeezed out and 
the volume change of the soil while allowing the water to escape (drained condition: 
p = 0) and α is called Biot's coefficient. 1/Q measures the amount of water which can 
be forced into the soil under pressure while the volume of the soil is kept constant and 
it named Biot modulus. 
where 1 1
Q R H
α= −  and x y zε ε ε ε= + + .  
The coefficient 1/H is a measure of the compressibility of the soil, while 1/R measures 
the change in water content for a given change in water pressure. 
4.2.2 Linear anisotropic case 
The extension of the isotropic theory to an anisotropic one was achieved by Biot in 
1955. Similar to elasticity, the dynamic parameters σij and p as well as the kinematic 
parameters εij and ζ are defined (the sign convention here follows that of elasticity, i.e. 
that tensile stress is positive.)  
The linear (or incrementally linear) stress-strain relations of a reversible deformation 
process are given by the generalized Hooke's law: 
 ( )
ij ijkl kl ij
ij ij
M p
p M
σ ε α
ζ α ε
= −⎧⎪⎨ = −⎪⎩
 (4.7)
where Mij, αij and M are material parameters. The symmetry of the stress and strain 
tensors show that: 
ijkl jikl ijlk klij
ij ji
M M M M
α α
= = =
=  
Due to the symmetry, Mijkl has only 21, αij only 6 and M only 1 independent 
components. The total number of constitutive coefficients for the general anisotropic 
poroelasticity is therefore 28. The physical meaning of these coefficients can be 
elucidated by conducting a series of "thought experiments".  
Consider first drained conditions in which p = 0 (or the perturbation of p in the 
incremental case): 
 ij ijkl klMσ ε=  (4.8)
The coefficients Mijkl are identified as the modulus tensor for the drained elastic 
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skeleton. 
The concept of effective stress satisfies the relations: 
 'ij ijkl klMσ ε=  (4.9)
A comparison with Eq.(4.7) reveals the existence of a “Biot effective stress” as 
 'ij ij ij pσ σ α= +  (4.10)
The material constant αij is therefore referred to as the Biot effective stress coefficient 
tensor. For the isotropic case, the tensor αij degenerates into a spherical tensor 
αij = δijα. In particular, the "Terzaghi effective stress" is obtained by setting α  = 1. 
The existence of αij suggests that the pore pressure modifies not only effective normal 
stresses, but also effective shear stresses. The latter is a concept that does not exist in 
isotropy. 
In case of εij = 0, Eq.(4.7) becomes 
 p Mζ=  (4.11)
We now turn to the ordinary way to write a generalized Hooke's law by using the 
kinematic quantity ζ instead of the dynamic one p on the right hand side of the 
stress-strain relations: 
 uij ijkl kl ijM Mσ ε α ζ= −  (4.12)
where uijkl ijkl ij klM M Mα α= +  (4.13)
The physical meaning of Muijkl can be understood as an "undrained test" in which no 
fluid escapes (ζ = 0). Muijkl is the "undrained modulus tensor", which characterizes the 
apparent elastic modulus of the combined solid and fluid stiffness. Then Eq.(4.12) 
turns to: 
  uij ijkl klMσ ε=  (4.14)
The strain - stress relations are the inverse of the stress-strain relations given in 
Eq.(4.7), which can be expressed as: 
 
/ 3
( / 3)
ij ijkl kl ij
ij ij
C CB p
C p B
ε σ
ζ σ
= +⎧⎪⎨ = −⎪⎩
 (4.15)
where Cijkl, Bij and C are again parameters of Hooke's law.  
εij can also be expressed by using the kinematic quantity ζ: 
 / 3uij ijkl kl ijC Bε σ ζ= +  (4.16)
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In an undrained test (ζ = 0), Eq.(4.15) reduces to  
 / 3ij ijp B σ=  (4.17)
Bij is a generalization of the Skempton pore pressure coefficient B, which is defined as 
follows for the isotropic case:  
 / 3iip Bσ=  (4.18)
Next consider a test in which there is no change in stress (σij = 0), Eq.(4.15) then turns 
to 
 Cpζ =  (4.19)
The constant C is then a storage coefficient defined as the volume of fluid released 
from a unit volume of porous medium per unit drop of pore pressure under the 
condition of constant confining stress. 
By manipulating the stress-strain and strain - stress relations, a number of useful 
formulas are obtained. For example, αij and Bij are related as 
 3 3
3
3
u
ijkl kl ijkl kl
ij
ijkl kl u
ij ijkl kl
CM B M B
M
C
B MC
C
α
α α
= =
= =
 (4.20)
(4.21)
These are the generalizations of the isotropic Biot's coefficient α and the Skempton 
pore pressure coefficient B. 
4.2.3 Micro-mechanical analysis 
The constitutive relations above are based on total stresses and strains inside the 
theory of elasticity. What follows in this paragraph, is a micro-mechanical analysis, 
which explicitly models the solid and fluid constituents including the pores. 
First we assume an isotropic and fully saturated solid. The increment of water 
pressure p and water content ζ can only affect the normal stress-strain relation, that 
means the coupling only effects the volumetric stress-strain relations. A convenient 
way to express these isotropic linear relations is for the: 
deviatoric response: 
            
1
2ij ij
e s
G
=
  
 (4.22)
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and the volumetric response:  
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( )
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K H
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H R
σε
σζ
⎧ = − −⎪⎪⎨⎪ = − −⎪⎩
 
(4.23)
(4.24)
where sij and eij denote the deviatoric stress and strain, σ the mean or total pressure 
(isotropic compressive stress), and ε the volumetric strain: 
The three volumetric constants (K, H, R) can be replaced by another basic set of 
constants (K, Ku, α): 
 1 ( )
( )
p
K
p
K B
ε σ α
αζ σ
⎧ = − −⎪⎪⎨⎪ = − −⎪⎩
 
(4.26)
(4.27)
and 
( )
uM K
p M
σ α ζ ε
ζ αε
= −⎧⎨ = −⎩  
(4.28)
(4.29)
 
The constant M is called the Biot modulus, which is the inverse of the storage 
coefficient, defined as the increase of the amount of fluid (per unit volume of rock) as 
a result of a unit increase of pore pressure under constant volumetric strain. 
The constitutive model presented in Eq.(4.26) and (4.28) describes the response of a 
porous material as a whole, without explicitly taking into account the individual 
contribution of its solid and fluid constituents. The shortcoming of this approach is 
that the bulk material constants are fixed to a specific solid-pore-fluid system. It is for 
example not known how these bulk constants are influenced by change in the 
compressibility of fluid or in the porosity of rock. It is therefore necessary to 
 3
1
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ij ij ij
ij ij ij
ii
ii
s
e
σ σδ
εε δ
σ σ
ε ε
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=
 (4.25)
where u
u
K KB
Kα
−=  (4.30)
and 2
uK KM α
−=   (4.31)
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understand the "micro-mechanics" of a solid-pore-fluid system to reveal the 
dependence of the overall elastic moduli on the micro-mechanical ones.  
Detournay and Cheng (1993) summarized the correspondence between continuum 
and micro-mechanical quantities (Table 4.1). These equations can be used to evaluate 
the dependence of the bulk continuum constants (K, Ku, α, B) on the porosity and the 
compressibilities of fluid, solid and pores. The overall elastic moduli and their micro 
components are shown in Figure 4.1. 
 
    (a)             (b)         (c) 
Figure 4.1: Compressibility of porous solid, fluid, solid and pores. 
 All these bulk moduli are measures of the relative volume change of fluid or solid as 
a response to pressure or mean stress change. 
In Figure 4.1 (a), the drained bulk modulus K should be understood as the overall bulk 
modulus under drained conditions. In Figure 4.1 (b), the undrained bulk modulus Ku 
should be understood as the overall bulk modulus under undrained conditions. In 
Figure 4.1 (c), the moduli are given in terms of micro components: 
Kp — bulk modulus for the pore volumetric strain; 
Kφ — bulk modulus of the porous solid; 
Kf — bulk modulus of the fluid; 
Ks — bulk modulus of the solid constituent. 
Kφ 
Ks 
K Ku
Kp 
Kf 
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Table 4.1: Relations among bulk continuum and micro-mechanical coefficients. 
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(4.32) 
The two coefficients Ks’ and Ks’’ in Table 4.1 are two bulk moduli, which under certain 
circumstances can be equal to the bulk modulus Ks of the solid constituent. 
In particular, some simplified expressions for the poroelastic parameters can be 
extracted. 
Incompressible solid constituent (K/Ks’ << 1 and K/Ks’’ << 1): If compressibility of 
the solid phase is negligible compared to that of the drained bulk material, simplified 
expressions are obtained for α, B, Ku and M: 
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 (4.33)
In this case the ratio Kf /φ is the only relevant poroelastic constant. The following 
equation links the bulk modulus of the porous solid K to Kφ and Kp : 
 p
K
K Kφ φ= =  (4.34)
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Incompressible fluid and solid constituents (K/Ks’ << 1, K/Ks’’ << 1 and K/Kf << 1): 
If furthermore the compressibility of the fluid can be neglected, then B = 1, Ku → ∞, 
and M → ∞. For this special situation all the poroelastic parameters reach their upper 
limit. 
Highly compressible fluid constituent (Kf/K << 1): The approximated expressions 
for B, Ku, and M are: 
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f f
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φ
= +
= =
=
 (4.35)
For Kf → 0 follows: B → 0, Ku → K, and M → 0; in other words, the porous material 
behaves as an elastic material without fluid. 
4.3 The evolution of Biot's coefficient  
From the above given theoretical analysis we can conclude that the Biot theory treats 
saturated porous medium as solid with equally distributed porosity and fluid inside. 
This concept uses coupled parameters such as Biot's coefficient, Biot modulus and 
Skempton coefficient to establish the coupling between elastic stress/strain field and 
pore pressure/deformation field. Thus, these coupled parameters play a critical role in 
describing the HM-coupled behavior. Because of the importance of coupled 
parameters a lot of researchers have done experiments and studies to establish the 
evolution law but until now no consensus has been achieved. This section reviews the 
evolution studies of coupled parameters during the loading process focusing on the 
Biot coefficient. 
From a micro-mechanical view all the coupled parameters or moduli are controlled by 
the compressibility of the fluid, solid and pores. This means all the coupled behaviors 
depend on the micro structure of material and pore space. The formation, growth, 
localization and coalescence of multiple microcracks (voids) are the dominant process 
during the failure process. Consequently, the microstructure of the rock changes 
constantly during this process and therefore, the coupled parameters cannot be any 
more considered as constants. 
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4.3.1 Numerical analysis 
In order to define more precisely the influence of some relevant structural parameters 
on the macroscopic poroelastic coefficients, numerical simulations have been 
performed for some simplified pore geometries by Shao (1998), Lydzbas and Shao 
(2000). The analysis was limited to the 2-dimensional case (Figure 4.2 ~ 4.4) with the 
purpose to deduce a qualitative description regarding the influences of the internal 
geometry (shape of pores, porosity) and the Poisson's ratio of skeleton material on the 
poroelastic parameters.  
 
Figure 4.2: Biot’s coefficients versus Poisson's ratio of skeleton material for three different 
microstructures [modified from Detournay and Cheng (1993)].  
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Lydzbas and Shao (2000) have found that when the skeleton material is isotropic and 
homogeneous at the microscopic level, Biot's coefficient tensor is not affected by the 
E modulus of the skeleton material, but it depends strongly on the Poisson's ratio and 
the form and orientation of pores or microcracks ( see Figure 4.2). 
Compared with a circular pore (type I) the geometries type II and III exhibit a 
structural anisotropy and two principal values for Biot's tensor α11 and α22 can be 
defined. The difference between the principal values is proportional to the shape of 
the pore. For ellipse-like pores the highest value for the Biot's coefficient is obtained 
in the direction normal to the largest axis. With increasing Poisson's ratio Biot's 
coefficient becomes higher but the anisotropic feature becomes less marked and 
disappears at ν = 0.5. 
The influence of the porosity variation is documented by Figure 4.3. It shows that a 
porosity increase leads to an increase of Biot's coefficient. 
 
Figure 4.3: Biot's coefficient versus porosity [modified from Detournay & Cheng (1993)]. 
The study was extended by involving structural anisotropy and influence of 
microcrack initiation and propagation on Biot’s coefficients. Two different processes 
have been considered: propagation of existing microcrack (a) and nucleation of 
microcracks (b). The results are shown in Figure 4.4. As in the case of circular pores, 
the values of the coefficients increase with increasing porosity (Figure 4.4 (a)). 
However, it is observed that the value of the component in the direction normal to the 
microcrack axis increases more quickly and reaches unity at small value of porosity. 
This confirms the dominant role of the shape of the pores on Biot's coefficients.  
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Figure 4.4: Biot's coefficients versus porosity; (a) due to propagation of existing microcrack, (b) due to 
microcrack nucleation [modified from Detournay & Cheng (1993)]. 
Figure 4.4 (b) presents the variations of the Biot's coefficients due to microcrack 
nucleation process. Compared to the case of microcrack propagation, the anisotropy 
of the Biot's coefficient tensor is less marked and the relation of the two principal 
components is changing during the process. In addition, the values of two components 
do not reach unity even for quite high porosity as φ = 0.4. 
It can be concluded that the porosity as state variable alone is generally not sufficient 
for proper modeling of porous media with damage evolution. The idealized numerical 
simulation shows that there is a strong link between microcrack growth and evolution 
of poroelastic parameters (for example the Biot's coefficient). In fact, a lot of 
laboratory tests performed on saturated rocks confirm this statement. 
4.3.2 Experimental review 
Ramos et al. (2010) presented results of an experimental study carried out on a porous, 
water saturated limestone. In their tests the relation between Biot's coefficient and 
porosity was measured (Fig. 4.5). 
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Figure 4.5: Biot’s coefficient versus initial porosity: comparison between experimental data and 
empirical predictions [modified from Ramos et al. (2010)]. 
Although Biot's coefficient is not a function of the porosity alone, the empirical 
relations based on the porosity provide a quick and practical estimate for this 
parameter. The two empirical relations used in Figure 4.5 were suggested by Fabre 
and Gustkiewicz (1997): 
  01 exp tan( )2
a πα φ⎡ ⎤= − −⎢ ⎥⎣ ⎦  (4.36)
 0
0 00.19[(1 )(1 2 )]s
φα φ φ ν= + − −  (4.37)
where a = 4.1 and νs = 0.28 was used for limestone by Laurent et al. (1993). 
Eq.(4.36) overestimates the experimental results, while Eq.(4.37) remains close to the 
mean value of Biot’s coefficient. The differences between predictions and 
experimental data points did not exceed 10 % in both cases. Other expressions may 
result in a better fit for these specific experimental data (for example, linear regression 
as also shown in Figure 4.5). 
Hu et al. (2009) studied the evolution of Biot’s coefficients in cracked cylindrical 
marble sample induced by deviatoric stress. In his tests some loading-unloading 
cycles were carried out in the plastic deformation phase during triaxial compression 
tests at different levels of axial strains. The Biot’s coefficients in axial and lateral 
directions were calculated based on the method proposed by Shao (1998). The 
evolutions of axial (α11) and lateral (α33) Biot’s coefficients at different levels of axial 
strains and for different confining pressures are shown in Figure 4.6. 
Eq.(4.36) 
Eq.(4.37) 
Linear fit 
α
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     Confining pressure:10 MPa                    Confining pressure: 20 MPa 
 
         Confining pressure: 30 MPa 
Figure 4.6: Lateral Biot’s coefficient as functions of axial strain for different confining stresses [Hu et 
al. (2009)] . 
It was found that: 1) the Biot’s coefficients are anisotropic, because the cracks in the 
specimen are growing along the direction of maximum normal stress; 2) the axial and 
lateral Biot’s coefficients are increasing when axial strain increases, because 
increasing of axial strain leads to the propagation of cracks; 3) the values of axial and 
lateral Biot’s coefficients under low confining stress are greater than under high 
confining stress, because failure pattern are different for different confining stress. 
Hu et al. (2010) presented another experiment to investigate Biot's coefficients. They 
used cylindrical saturated sandstone samples to study the evolution of Biot’s 
coefficient with induced damage. The experimental values of Biot's coefficients are 
given in Figure 4.7 (here the Biot's coefficient was denoted as b: axial direction b1, 
radial direction b3) for four values of confining pressure.  
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Figure 4.7: Evolution of Biot’s coefficients in axial and radial directions with relative axial strain 
generated for different confining pressures [Hu and Zhou (2010)]. 
The experiments showed that the evolution of Biot’s coefficients are clearly 
anisotropic in nature due to the oriented closure of initial microcracks and the growth 
of induced microcracks, which are mainly oriented towards the axial direction (major 
principal stress direction). In that respect results are similar to those of the marble 
mentioned before. Under higher axial strains, the Biot’s coefficients are strongly 
affected by the induced damage. The Biot’s coefficient in the axial direction (b1) is 
mostly decreasing with the axial strain. This decrease is associated with the 
progressive closure of bedding planes and initial microcracks, which are oriented 
perpendicular to the loading axis. Induced microcracks instead develop essentially in 
the direction parallel to this axis. Therefore, the Biot’s coefficient (b1) is not affected 
by the induced damage. Only under a very high level of load and damage, 
approaching the coalescence of microcracks, Biot’s coefficient (b1) is affected by the 
induced damaged and increases with axial strain. On the other hand, Biot’s coefficient 
in the radial direction (b3) is almost continuously increasing and significantly affected 
by the induced damage. However, the rate of increase is lower when the confining 
pressure is higher. Another interesting phenomenon is that the values of Biot’s 
coefficients at small axial strains (considered as an undamaged or moderate damaged 
state) decrease quite significantly with confining pressure, which is caused by the 
closure of initial bedding planes and microcracks. 
Further experimental observations on Biot's coefficient are documented by Sayers and 
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Kachanov (1995) for sandstones and by Schubnel and Guèguen (2003) for granite. 
Both papers confirm the observations described above, especially in respect to the 
evolution of anisotropic crack densities prior to macroscopic failure. 
4.4 Hydro-Mechanical coupled testing of Eibenstock granite 
 
Figure 4.8: Experimental set-up used for HM-coupled tests. 
The principle of measuring the poroelastic coefficients that characterize the 
volumetric response of the nearly isotropic porous granite is discussed. In order to 
measure these coefficients for granite, several experiments (drained and undrained 
tests) were conducted. The isotropic Biot's coefficient and Skempton coefficient have 
been measured within the elastic stage. These tests were carried out in the same 
experimental apparatus as used for the permeability tests and which is schematically 
described in Chapter 2 (see Figure 2.27). All the samples were prepared the same way 
as described in section 2.5.3.1. 
Based on the reasonable assumption that the granite is isotropic and fully saturated, 
Sample with 
sensors 
Pump system 
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only four variables need to be considered: the average stress σ = σii/3, the volumetric 
bulk strain ε = εii, the fluid pressure p and the increment in fluid content ζ according to 
Eq.(4.23) and Eq.(4.24). During the test procedure the stresses (σ, p) are controlled, 
while the strains and fluid content (ε, ζ) are measured. The linear relations between 
the four variables are previously defined in chapter 2.3. According to 
Eq.(4.23) ~ Eq.(4.27) they can be expressed in incremental form： 
 
1 1 1 [ ]
1 1 1 1[ ]
p p
K H K
p p
H R H B
ε σ σ α
ζ σ σ
∆ = − ∆ + ∆ = − ∆ − ∆
∆ = − ∆ + ∆ = − ∆ − ∆
 
(4.38)
(4.39)
where Biot's coefficient α can be deduced from Eq.(4.38) and Eq.(4.39) for drained 
conditions, since fluid pressure remains constant (∆p = 0): 
 
0p
K
H
ζα ε ∆ =
∂⎛ ⎞= − = −⎜ ⎟∂⎝ ⎠  (4.40)
Skempton coefficient B can be deduced from an undrained test (∆ζ = 0): 
 
0
R pB
H ζσ ∆ =
∂⎛ ⎞= = −⎜ ⎟∂⎝ ⎠  (4.41)
The main properties of the samples used (porosity is the initial effective porosity) are 
listed in Table 4.2. 
Table 4.2: Main properties of granite samples. 
 Height (mm) Diameter (mm) Porosity (%)
EiII.Tri.3-4 98.08 49.40 2.08 
EiII.HM.1 101.31 49.78 2.30 
EiII.HM.2 101.35 49.81 1.60 
EiII.HM.3 101.32 49.80 1.58 
EiII.HM.4 101.41 49.80 1.63 
4.4.1 Drained tests 
The initial fluid pressure p0 was maintained constant and confining pressure σ3 was 
kept at least 1 MPa higher than the fluid pressure throughout the test by setting the 
two pumps at CP (constant pressure) mode. Fill valves were kept closed and deliver 
valves opened. The average stress was changed by changing the confining pressure σc 
and axial stress σ1 simultaneously or only changing the axial stress σ1. The loading 
rate was 10-3 MPa/s (this value was kept unchanged in all subsequent tests). Both, 
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volumetrical strain ε and water content variation ζ were measured as σ changed. 
Letting ∆p = 0 in Eq.(4.38) and Eq.(4.39), and considering Eq.(4.40), three parameters 
can be evaluated during the drained test: K = ∆σ/∆ε, H = -∆σ/∆ζ and α = K/H. The 
results are shown in Figures 4.9 ~ 4.13. Nonlinear behavior happened especially 
during loading, because of the closure of microcracks. Therefore, we used only the 
linear parts during the loading phase or the unloading curves for evaluation.  
The initial fluid pressure p0 = 10 MPa was maintained constant throughout the test of 
sample EiII.Tri.3-4 (Figure 4.9). Vertical stress σ1 and confining stress σ3 were 
increased from 12 MPa to 30 MPa and later decreased to 12 MPa simultaneously. 
Based on K = 5.37 GPa and H = 8.2 GPa, the Biot's coefficient was calculated as 
α = K/H = 0.65. But it should be noticed that the moduli are extremely small because 
of the closure of pre-existing cracks in this low stress range. Therefore, the moduli 
and Biot's coefficient in this test cannot indicate the actual value for granite in the 
elastic stage and consequently, the stresses were increased in the following tests. 
0.3 0.4 0.5 0.6 0.7
10
15
20
25
30
A
ve
ra
ge
 st
re
ss
 σ 
 (M
Pa
)
Volumetrical strain ε (%)
K=5.37GPa
-0.3 -0.2 -0.1 0.0
10
15
20
25
30
-H=-8.2GPa
A
ve
ra
ge
 st
re
ss
 σ 
 (M
Pa
)
Water content variation ζ (%)  
Figure 4.9: Stress versus strain and water content variation for a drained test (Sample EiII.Tri.3-4, 
σ: 12 ~ 30 MPa). 
The initial fluid pressure p0 = 10 MPa and the confining stress σ3 = 20MP were 
maintained constant throughout the test of sample EiII.HM.1 (Figure 4.10). The 
vertical stress σ1 was increased from 100 MPa to 120 MPa and then decreased to 
100 MPa in the first stage. Therefore, the average stress σ = (σ1+2*σ3)/3 changed from 
47 MPa to 53 MPa. The unloading part was chosen to calculate the average moduli 
K = 25 GPa, H = 57 GPa and the Biot's coefficient as α = K/H = 0. 44. 
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Figure 4.10: Stress versus strain and water content variation for a drained test (Sample EiII.HM.1, 
σ: 47 ~ 53 MPa). 
In the second test stage (sample EiII.HM.1, Figure 4.11), the vertical stress σ1 was 
decreased from 100 MPa to 50 MPa and then increased to 100 MPa. Therefore, the 
average stress σ = (σ1+2*σ3)/3 changed from 47 MPa to 23 MPa. The unloading part 
was chosen to calculate the average moduli K = 28 GPa, H = 74 GPa and the Biot's 
coefficient as α = K/H = 0.38. 
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Figure 4.11: Stress versus strain and water content variation for a drained test (Sample EiII.HM.1, 
σ: 23 ~ 47 MPa). 
The initial fluid pressure p0 = 10 MPa and the confining stress σ3 = 20 MPa were 
maintained constant throughout the test of sample EiII.HM.3 (Figure 4.12), the 
vertical stress σ1 was increased from 20 MPa to 100 MPa. Then the sample was 
unloaded to 20 MPa. Therefore, the average stress σ = (σ1+2*σ3)/3 changed from 
20 MPa to 47 MPa. The unloading part of the results was chosen to calculate the 
average moduli K = 29 GPa, H = 81 GPa and the Biot's coefficient was calculated as 
α = K/H = 0.36. 
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Figure 4.12: Stress versus strain and water content variation for a drained test (Sample EiII.HM.3, 
σ: 20~47 MPa). 
The initial fluid pressure p0 = 10 MPa and the confining stress σ3 = 20 MPa were 
maintained constant throughout the test of sample EiII.HM.4 (Figure 4.13). The 
vertical stress σ1 was increased from 20 MPa to 100 MPa and then decreased to 
20 MPa. Therefore, the average stress σ = (σ1+2*σ3)/3 changed from 20 MPa to 
47 MPa. The unloading part of the results was chosen to calculate the average moduli 
K = 29 GPa, H = 84 GPa and the Biot's coefficient as α = K/H = 0.35. 
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Figure 4.13: Stress versus strain and water content variation for a drained test (Sample EiII.HM.4, 
σ: 20~47 MPa). 
4.4.2 Undrained tests 
The fluid pressure was set to p0 at first, and then pump was stopped to allow fluid 
pressure to change freely. The pressure difference between confining pressure σ3 and 
initial fluid pressure p0 should be kept high enough to prevent fluid pressure 
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exceeding the confining pressure during the loading period. Fill valves were kept 
closed and deliver valves opened. The average stress was changed by changing the 
confining pressure σ3 and axial stress σ1 simultaneously or only changing the axial 
stress σ1. Both, volumetrical strain ε and water content variation ζ were measured as σ 
changed. According to Eq.(4.39) the Skempton coefficient can be evaluated by 
B = -∆p/∆σ and undrained modulus by Ku = ∆σ/∆ε. 
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Figure 4.14: Pore pressure versus stress and stress versus volumetric strain for an undrained test 
(Sample EiII.Tri.3-4, σ: 12~30 MPa). 
An initial fluid pressure p0 = 10 MPa was set and changed then freely throughout the 
test of sample EiII.Tri.3-4 (Figure 4.14). Vertical stress σ1 and confining stress σ3 were 
increased from 12 MPa to 30 MPa and decreased to 12 MPa simultaneously. The 
undrained bulk modulus was determined to Ku = 7.1 GPa and the Skeptom coefficient 
to B = 0.42. Because of the closure process of pre-existing cracks in the low stress 
range, this result cannot indicate the accurate value of granite in the elastic stage. 
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Figure 4.15: : Pore pressure versus stress and stress versus volumetric strain for an undrained test 
(Sample EiII.HM.1, σ: 47~50 MPa). 
The initial fluid pressure was set to p0 = 10 MPa, changed then freely throughout the 
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test of sample EiII.HM.1 (Figure 4.15). The vertical stress σ1 was increased from 
100 MPa to 110 MPa and decreased later to 100 MPa. Therefore, the average stress 
σ = (σ1 + 2 * σ3)/3 changed from 47 MPa to 50 MPa. The undrained bulk modulus was 
determined to Ku = 30 GPa and is the same as the drained bulk modulus. The 
Skempton coefficient was determined to B = 0.012, that means, that the fluid pressure 
was kept nearly constant during the loading and unloading process. This is because 
the porosity of the sample is very low (about 2 %) and the void space inside the 
sample (about 4 ml) was too small compared to the fluid volume of the pump system 
(more than 60 ml, which is discussed in Chapter 2). Furthermore, taking into account 
the deformability of tubes and closure of void space under loading, the undrained test 
was in fact more a “drained test”. Because of these limits of the equipment the 
undrained test was not really successful. 
The parameters obtained from the tests are listed in Table 4.3. Some parameters are 
calculated by equation (4.32), which should be measured in undrained tests.  
Table 4.3: Measured and calculated parameters from drained and undrained tests. 
 EiII.HM.1 EiII.HM.3 EiII.HM.4 Remarks 
Porosity φ  (%) 2.30 1.58 1.63 measured 
Bulk modulus K (GPa) 27.5 29 29 measured 
Biot's coefficient α 0.41 0.36 0.35 measured 
H modulus (GPa) 66.3 81 84 measured 
Biot modulus M (GPa) 57.32 67.69 67.13 calculated 
Solid bulk modulus Ks (GPa) 46.61 45.31 44.62 calculated 
Undrained bulk modulus Ku (GPa) 43.60 46.70 45.49 calculated 
Skempton coefficient B 0.60 0.60 0.63 calculated 
Because only a limited number of samples has been tested and the results of 
undrained tests are questionable, the calculated parameters given in Table 4.3 may be 
considered only as a first approximation. Nevertheless, all the parameters are in a 
reasonable range compared to values given in literature.  
4.4.3 Failure tests 
After the drained and undrained tests the samples were kept under constant fluid 
pressure and confining stress and then axial loaded until failure to measure peak 
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strength under drained conditions. 
Three tests (Figure 4.16 (a), (b), (c)) under different combinations of confining 
pressure and fluid pressure (difference was kept at 10 MPa) were conducted. 
According to the definition of Biot’s effective stress (Eq.(4.10)), the effective 
confining stress is -σ3' = (α-1)p-10 MPa (a negative sign means compressive stress). 
Compared to the results of non-coupled test on a dry sample under 10 MPa confining 
pressure (Figure 4.16 (d)), almost the same peak strength was observed. This 
observation indicates, that the effective confining stress σ3' actually equals 10 MPa 
and therefore the Biot's coefficient is α = 1. 
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(a) EiII.HM.1 Pc = 20 MPa, Pp = 10 MPa  (b) EiII.HM.2 Pc = 15 MPa, Pp = 5 MPa 
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(c) EiII.HM.4 Pc = 30 MPa, Pp = 20 MPa (d) Pc = 10 MPa, Pp = 0 
Figure 4.16: Stress-strain relation for triaxial test with and without fluid pressure. 
Before peak strength is reached, the measured Biot's coefficients are in the range of 
0.35 ~ 0.41 (see in Table 4.3). This indicates, that Biot's coefficient α tends towards 1 
during the loading process, which corresponds to the situation discussed in section 4.3. 
During the loading process, the microcracks undergo formation, growth, localization, 
and coalescence, which lead to a change of the macroscopic properties like the Biot's 
coefficient. When the sample reaches a stage where microcracks develop in an 
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unstable fashion, the Biot’s coefficient tends towards 1 at least in the region of 
intensive crack development (damage zone, localized shear band). 
4.5 Hydro-mechanical coupled numerical simulations of Eibenstock granite 
In most cases the mechanical effects of solid can be assumed to occur instantaneously 
compared to diffusion effects. Therefore, in explicit (time-marching) calculation 
schemes, for every fluid-flow time step a certain number of mechanical steps must be 
performed to reach quasi-static equilibrium. 
4.5.1 Drained and undrained test simulations 
 
Figure 4.17: Cubic model for drained and undrained test simulations. 
The numerical simulations were conducted on a saturated cubic model of unit 
dimensions with a constant normal velocity v on each side, which leads to an 
increasing hydrostatic pressure. The measured values of Eibenstock II granite were 
used as input parameters (Figure 4.17). 
Both fully coupled and uncoupled analysis can be performed with FLAC3D. We chose 
the uncoupled method to simulate the drained and undrained tests to speed-up the 
calculations. 
During the drained test the fluid has full exchange with the outside, which implies that 
the fluid pressure is kept constant. A fully coupled analysis with permeable boundary 
or an uncoupled analysis with zero fluid modulus (Kf = 0) correspond to this case. In 
the second method, because the mechanical loading has no influence on the fluid 
pressure, the fluid mode can be switched off after the constant fluid pressure is 
assigned and the fluid modulus should be set to zero. Then a pure mechanical 
calculation can be performed to simulate a drained test. 
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Figure 4.18: Drained test simulation: stress [Pa] versus volumetric strain; pore pressure [Pa]. 
The simulation result is shown in Figure 4.18. The drained bulk modulus is 30 GP and 
the fluid pressure is kept at 10 MPa as initial value. 
 
Figure 4.19: Undrained test simulation: stress [Pa] versus volumetric strain; pore pressure [Pa]. 
The undrained test implies that the sample has no exchange of fluid with the outside. 
Therefore, fluid pressure will increase with volumetric deformation (compaction). In 
this case fluid flow can be ignored and the fluid mode can be switched off after the 
Ku = 40.1GPa 
K = 30GPa 
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initial fluid pressure is assigned. Fluid modulus (Kf = 22 GPa) and Biot modulus 
(M = 65 GPa) are set as actual values. Then the pure mechanical calculation scheme 
can be performed to simulate drained test. The fluid pressure will increase during the 
loading process. The induced fluid pressure depends on the values of fluid modulus 
and Biot modulus. Corresponding simulation result is shown in Figure 4.18. The 
undrained bulk modulus is 40.1 GPa, the fluid pressure increment is 7.9 MPa and the 
average stress increment is 12.1 MPa, which means the Skempton coefficient is 0.65. 
4.5.2 Failure test simulations 
Biot's coefficient is closely related to the damage process (microcrack initiation, 
growth and propagation). Therefore, it is not reasonable to treat Biot’s coefficient as a 
constant if failure process and hydraulic coupling are considered. A constant Biot's 
coefficient below one will lead to an overestimation of the effective stresses and 
consequently to an overestimation of the peak strength of the rock. The change of 
Biot's coefficient induced by damage process occurs before peak strength is reached, 
and cannot be reflected by the elasto-plastic constitutive law developed in Chapter 3, 
because strength degradation and dilation behaviors occur after peak strength has 
reached (no pre-peak damage). Up to now only some empirical relationships between 
Biot's coefficients and stress or strain by fitting laboratory observation are available. 
These relations were deduced for specific media and do not deliver a unified 
(generalized) evolution law for the Biot's coefficient. Thus, these fitting relationships 
are hard to apply to other material. Therefore, in this section a simple trilinear 
description is introduced to consider its evolution before peak strength. 
Martin and Chandler (1994) described the mechanical damage process of brittle rocks 
before the peak strength is reached (Figure 4.20). Certain critical stress levels have 
been marked as: (1) crack-initiation stress σci: when the principal stress reaches σci the 
micro-cracks begin to appear and the sample goes into stable crack growth stage and 
acoustic emission phenomenon can be observed, it generally occurs if the principal 
stress level reaches 30 to 50 % of the peak strength; (2) crack-damage stress σcd: 
represents the onset of unstable crack growth, it generally occurs if the principal stress 
level reaches 70 to 85 % of the peak strength. 
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Figure 4.20: Sketch of damage stages for brittle rock [Martin and Chandler (1994)]. 
According to these critical stress levels, a trilinear relationship between the Biot's 
coefficient and deviatoric stress is assumed (Figure 4.21): the Biot's coefficient keeps 
at the initial value as long as the stress level is below the crack-initiation stress σci; 
once the stress level exceeds σci, the Biot's coefficient increases linearly to 1 until the 
crack-damage stress σcd is reached. This simple relationship will be used to ensure that 
the effective stresses are not overestimated; otherwise the prediction of strength under 
fluid pressure will be wrong and non-conservative. 
 
Figure 4.21: Trilinear evolution model for Biot's coefficient. 
B
io
t's
 c
oe
ff
ic
ie
nt
 
Vertical stress
80%σpeak40%σpeak
α0
1
Deviatoric stress 
Chapter 4 Hydro-Mechanical behavior of rock 
 
 
132 
 
The trilinear relationship is embedded into the constitutive law described in Chapter 3, 
and the triaxial test under constant fluid pressure is simulated. The results are shown 
in Figure 4.22 (a). The curves represent the stress-strain evolution under 10 MPa fluid 
pressure with 15, 20 and 30 MPa confining stress, respectively. Results of uncoupled 
triaxial test simulations with 5, 10 and 20 MPa confining stress are shown in Figure 
4.22 (b). 
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 (a) coupled tests with 10 MPa fluid pressure (b) uncoupled tests without fluid pressure 
Figure 4.22: Simulated triaxial tests with and without fluid pressure. 
4.6 Conclusions 
Based on the poroelastic theory and Biot theory, continuum hydro-mechanical 
coupled equations were introduced and the relations between the micro and macro 
parameters of solid and fluid phases for a porous medium were revealed. The Biot's 
coefficient of Eibenstock II granite in the elastic stage was measured in our laboratory 
by HM-coupled tests. Based on the lab observations an evolution rule for Biot's 
coefficient was deduced: the Biot's coefficient α tends towards one during the loading 
process and should be close to one near to peak strength, because the micro structure 
changes during the loading by unstable micro-crack growth. A constant Biot's 
coefficient will lead to an overestimation of the effective stresses thus overestimate 
the peak strength of the rock sample. Therefore, a trilinear evolution model for the 
Boit's coefficient was established and included into the constitutive model. 
The developed procedure of hydro-mechanical coupling was successfully tested by 
simple drained, undrained and failure test models under certain fluid pressures using 
FLAC3D. 
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Chapter 5 
Hydro-Mechanical coupled modeling considering 
permeability evolution 
5.1 Introduction 
 
As described in Chapter 2, the key physical property that affects fluid transport in 
rock is permeability, which is strongly dependent on the micro pore structure. With 
increasing load level and deformation, initial defects will grow and new ones will be 
initiated, later they will be connected to each other and consequently permeability will 
increase. 
The permeability evolution of rock is a dynamic process which is closely related to 
the micro-structural damage. In general, high porous rock (φ > 10 %) and low porous 
rock (φ <5 %) are characterized by different crack initiation and growth as well as 
failure mechanisms. The deformation in high porous rock is mainly governed by 
collapse of pores and lead to macroscopic volumetrical compression and permeability 
decrease. Instead, the deformation of low porous rocks like basalt, gabbro or granite is 
mainly controlled by growth, extension and coalescence of micro-cracks, which lead 
to macroscopic shear dilatancy and permeability increase. Thus, the permeability 
cannot be kept constant during the damage stage, but varies with stresses and strain 
during the loading process. 
In this chapter a series of typical laboratory permeability measurements and their 
corresponding permeability evolution rules are reviewed firstly, then the permeability 
evolution of Eibenstock granite was investigated by triaxial compression tests and the 
corresponding relation between permeability and dilation behavior was deduced. A 
numerical simulation procedure has been developed for FLAC3D by combining 
permeability evolution with the modified constitutive law according to chapter 3 and 
the HM-coupling described in chapter 4, which can be used to replicate the complex 
hydro-mechanical coupled behavior of rocks during the loading process. 
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5.2 Permeability evolution during loading process 
The permeability of Westerly granite has previously been investigated by Brace et al. 
(1968). The effects of hydrostatic confining pressure and pore pressure on 
permeability were considered in his study. Dilatancy has also been discussed and the 
studies have shown that micro-crack development under loading in the low porous 
rocks can lead to a significant permeability increase and therefore enhanced fluid 
flow. 
 
Figure 5.1: Volumetrical strain and permeability as a function of differential stress [Brace et al (1968)]. 
Zoback and Byerlee (1975) measured permeability and volumetrical strain of 
Westerly granite under constant confining pressure and pore pressure as a function of 
increasing and decreasing differential stress. Permeability was found to increase 
appreciably during the dilatancy phase (Fig. 5.1).  
At begin of the loading process the permeability is slightly decreasing due to the 
closure of preexisting cracks. With further increase in differential stress the samples 
became dilatant, and the permeability correspondingly increased. In the brittle 
deformation phase (at about 80 % of the peak strength), Zoback and Byerlee observed 
an increase in permeability by a factor of about three. Similar results were reported by 
Kiyma et al. (1996), who investigated Inada granite, which showed an increase in 
permeability by a factor of about 8 (beginning with onset of dilation up to the peak 
stress). Heiland and Raab (2001) measured deformation and permeability evolution 
for low porous sandstones in triaxial compression tests. Results are qualitatively 
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similar to those of Westerly granite. Figure 5.2 shows permeability decrease in the 
pre-failure phase followed by permeability increase in the dilatancy phase. 
 
Figure 5.2: Permeability as a function of volumetrical strain for three experiments [Heiland and Raab 
(2001)].  
Paterson and Wang (1978) measured different quantities such as stresses, strains, 
permeability evolution, acoustic emission and elastic wave velocities during several 
triaxial compression tests. Based on the plentiful laboratory observations five 
characteristic stages in the stress strain curve (described in section 4.5.3) and 3 stages 
in the permeability evolution were defined for low porosity rock (Figure 5.3).  
 
Figure 5.3: Deformation stages and permeability change for low porous rocks under triaxial 
compression [modified from Paterson and Wang (1978)]. 
The three stages are described as follows (Chu 2007): 
(1) First stage (range I in Figure 5.3): original pores and micro-cracks in rock sample 
are closed resulting in a drop in permeability from the initial value to a lower one. 
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(2) Second stage (range II and III): slight permeability change, but the macro 
mechanism is different between range II and III. In the linear elastic deformation 
range II, the compressive volumetrical strain rate gradually decreases, the original 
pores and micro-cracks cannot be compressed so strong as in range I, hence, the 
permeability doesn't decrease obviously. In the non-linear deformation range III, part 
of the original microcracks begins to expand but at the same time they are still 
compressed, the shift in balance between the two trends produces a slight 
permeability change. 
(3) Third stage (range IV and V): the original micro-cracks expand intensively and 
new cracks begin to form, which generates connectivity between fractures (fracture 
network), therefore the permeability increases dramatically in this stage. 
Measurements from Wang and Park (2002) revealed a similar permeability evolution 
for sedimentary rocks. Figure 5.4 (Souley et al. 2001) shows the permeability 
evolution during the deformation process for different sedimentary rocks under 
triaxial compression. 
 
Figure 5.4: Permeability evolvement and stress– strain relations for sedimentary rocks under triaxial 
compression: (a) mudstone, (b) sandy shale, (c) fine sandstone, (d) medium sandstone [Souley et al. 
(2001)]. 
Some common characteristics for permeability evolution were summarized by Wang 
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and Park (2002): 
(1) The permeability of rocks varies with the evolution of cracks. In general, 
permeability decreases in the initial loading stage, after which it gradually increases 
with increasing load. Prior to the peak strength, the increment in permeability is not 
significant. 
(2) The maximum permeability usually appears during the strain softening stage, 
rather than in coincidence with its peak strength. The development of deformation 
after failure leads to a dramatic increase in permeability. 
(3) Both confining pressures and pore pressure have an influence on rock permeability. 
In general, permeability is proportional to the pore pressure and inversely proportional 
to the confining pressure. For the same type of rock, the confining pressure has a 
greater influence on permeability than the pore pressure. 
For a porous medium, permeability is related to several parameters at both the 
microscopic and macroscopic level. At the microscopic level, the main parameters are 
pore size, shape, and orientations as well as the manner of pore connectivity. At the 
macroscopic level, the parameters relate to the fracture network or porosity. Thus, 
changes in permeability during loading of rocks can generally be related directly to 
changes in porosity due to mechanical processes at the grain scale, because fluid 
needs to permeate the effective void space. Ohaka (2010) presented a measured 
relation between porosity and permeability for Westerly granite. A net porosity 
increase is observed as the rock is stressed connected an increase in permeability 
(Figure 5.5).  
  
Figure 5.5: Total porosity versus permeability in stressed Westerly granite [Ohaka (2010)].  
The most popular relation between porosity and permeability is the empirical 
Kozeny-Carman equation (Chapuis & Aubertin 2003), which was proposed by 
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Kozeny (1927) and later modified by Carman (1937, 1956). 
This equation was developed by considering a porous medium as an assembly of 
capillary tubes for which the equation of Navier-Stokes can be used. It shows that the 
permeability is a function of porosity. During the last decades this equation has 
experienced several modifications. The most common form is: 
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where K is the hydraulic conductivity; C is a constant to take into account the shape 
and tortuosity of flow channels; Ssur is the specific surface (m2/kg); DR is the specific 
weight of solids. 
This equation predicts, that for a given soil, there should be a linear relationship 
between permeability and cube of porosity: 
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But this simple exponential relation cannot describe all the situations in a perfect 
manner. Stormont and Daemen (1992) studied the relation between permeability and 
porosity of natural rock salt and granular salt during deformation (Figure 5.6). 
 
Figure 5.6: Permeability vs. porosity of natural rock salt and granular salt at low and high pressure 
[Chapuis & Aubertin (2003)]. 
The investigations show, that permeability increases as porosity increases, but the 
relation cannot be described by a unique power law xk φ∝  as is evident from the 
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plotted exponent x. Also, the relation is affected by the confining pressure. 
Based on the Kozeny-Carman equation, a more complicated relation to describe 
permeability was proposed by Popp (2002). Based on tests on low porosity rock salt 
at different confining pressures two regimes have been distinguished: in the first 
regime of small dilatant volumes the rise of permeability with porosity is rather steep, 
and then, beyond a certain threshold, permeability grows merely linear with porosity. 
The effect of confining pressure was incorporated by the lowest principle stress as 
fitting parameter. On this basis a mathematical expression was developed which can 
be used for calculation of permeability in dependence on porosity and lowest principle 
stress:  
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The parameters are depending on the lowest principal stress:  
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Souley et al. (2001) studied damage-induced permeability changes in granite. They 
investigated both, in-situ measurements of permeability and numerical modeling of 
changes in permeability induced by micro-crack growth. A simple relationship 
between permeability change and the associated damage stage has been established 
based on a continuum damage model formulated within the framework of 
thermodynamics and fracture mechanics. The following relation between permeability 
and damage (crack length) was proposed: 
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where C is a material constant; k0 represents the initial isotropic intrinsic permeability; 
lrat is the ratio between crack length at the percolation flow threshold, aper corresponds 
to the crack length at the onset of percolation flow and a0 denoting the initial 
micro-crack radius assumed to be equal to the average grain size.  
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Since the damage initiation threshold is confining pressure dependent, it is reasonable 
to assume that the ratio lrat must be σ3-dependent. However, the relation between lrat 
and σ3 has not yet been established. The additional input parameters k0, C and lrat can 
be derived from triaxial compression tests including permeability measurements. This 
mechanical damage model as well as the permeability change induced by the growth 
of micro-cracks has been implemented into FLAC3D. Simulations of triaxial 
compression tests with permeability measurements carried out on Lac du Bonnet and 
Senones granites showed good agreement between experiments and predictions 
(Figure 5.7). 
 
Figure 5.7: Triaxial compression tests: comparison between simulations and measurements [Wang & 
Park (2002)]. 
The use of a strain - based formulation for the permeability variation may be more 
suitable to represent appropriate post-peak hydraulic characteristics. An elemental 
relation that links mechanical degradation, pressure-sensitive dilatancy and 
deformation-dependent permeability was developed by Yuan and Harrison (2005). 
Since different physical mechanisms are involved in the pre-peak (contractile) and 
post-peak (dilatant) stages of deformation, different permeability - strain relations will 
be required for these two regimes (Figure 5.8). 
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Figure 5.8: Schematic illustration of permeability evolution of a rock element [Yuan & Harrison 
(2005)]. 
Permeability reduction during elastic contraction is based on the widely used 
empirical relation of the following form: 
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If porosity change is replaced by volumetrical strain, the relation becomes: 
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Here, volumetrical strain εv is positive for contraction. Figure 5.8 gives a schematic 
illustration of this process (elastic contraction from A to B). Permeability 
enhancement during dilatation is shown in Figure 5.8 (from B to C). It was assumed 
that a degraded rock element may be represented hydraulically as a unit of rock 
containing two orthogonal fractures. The aperture of the fractures is given 
approximately by: 
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where ∆V is the change of volume of the element due to dilatation, and l is the side 
length of the element before dilatation.  
The cubic law gives the flow rate between smooth parallel plates: 
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where ∆H is the fluid head loss across the two ends. 
By combination of Eq.(5.8) and (5.9) a relation between hydraulic conductivity and 
volumetrical strain for a degraded rock element can be established: 
 2
2
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By further combining this strain - based formulation and the local degradation model 
established by Yuan and Harrison (2005), a series of numerical triaxial test 
simulations that replicate lab tests have been performed with FLAC. The simulations 
include fracture development and the associated evolution of fluid flow (Fig. 5.9). 
 
Figure 5.9: Simulated fracture patterns and permeability evolvement during loading process [Yuan & 
Harrison (2005)]. 
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The initial defects inside the rock (cracks, pores and impurities) will grow, extend and 
propagate as a continuous process during loading and will lead to a significant change 
in micro-structure and permeability. But, as described in Chapter 2，there is no 
appropriate method to determine the actual flow behavior in the microscopic crack or 
pore space, and therefore, all existing relations between the macroscopic permeability 
and the damage process are empirical or semi-empirical dilatancy-permeability, 
porosity-permeability or damage parameter-permeability relationships. There is no 
''universal'' permeability evolution law for porous rock.  
Most investigations indicate that permeability changes have strong relationships with 
dilatancy or porosity evolution. But actual micro-structure evolution during the 
damage process of the rock is too complicated to be represented by any single factor, 
this is especially true for low porous rocks. Thus, until now it is hard to compare the 
validity of these dilatancy-permeability or porosity-permeability relations. 
The volumetrical strain produces changes in pore volume and has significant 
influence on the hydraulic properties. Therefore, the dilatancy is chosen as the factor 
to control the permeability evolution during the loading process in this chapter. This 
procedure is supported by experimental evidence (e.g. Peach & Spiers 1996, Zhu & 
Wang 1997, Heiland & Raab 2001, Chapuis & Aubertin 2003).  
5.3 Permeability measurements during loading of Eibenstock granite 
The permeability measurement was described in detail in Chapter 2. Lab 
measurements have shown, that the permeability of Eibenstock granite is in the order 
of 10-17 m2 and steady state flow of a standard size sample (cylinder with 100 mm 
length and 50 mm diameter) can be achieved within five minutes. Therefore, in our 
tests, the flow rate was measured by the constant flow test. Permeability was 
calculated from flow rate by Darcy's law, and volumetrical strain was computed by 
summing up the axial strain with twice the lateral strain. 
A very low axial loading rate was applied to ensure steady-state flow conditions 
during deformation, which is the pre-requisit to determine permeability in an accurate 
manner. The loading rate was set as 10-3 MPa/sec. The recorded flow rate evolution 
for granite sample EiII.HM.1 is shown in Figure 5.10 (negative flow rate means flow 
into the sample, positive one means flow out of the sample). The confining pressure 
was 20 MPa, the fluid pressure was 10.5 MPa in upstream and 9.5 MPa in 
downstream reservoir, respectively. 
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Figure 5.10: Flow rate versus time during loading process for sample EiII.HM.1.  
The permeability of sample EiII.HM.1 during the triaxial compression test was 
calculated from the average flow rates of upstream and downstream reservoir and 
related to the strain - stress response. As shown in Figure 5.11, the evolution of 
permeability can be characterized by different stages.  
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Figure 5.11: Permeability evolution for sample EiII.HM.1.  
The initial permeability is 1.28 × 10-17 m2 at point A. From point A to point B, 
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permeability decreased intensely because in this stage confining stress and vertical 
stress increased simultaneously to an initial stress state which generates isotropic 
compression and micro-crack closure. From point B to point C, permeability is 
continuously decreasing, but the drop is small because of the low porosity of the 
granite. A phase of elastic deformation (range II) follows. From point C to point D, 
the permeability is kept almost constant, the sample undergoes compressive 
deformation while volumetrical strain is still decreasing, but meanwhile a part of the 
original micro-cracks started to expand. In summary, this stage is characterized by 
very slightly increasing permeability. From point D to point E, the permeability and 
dilation increased dramatically caused by massive crack development and propagation. 
From point E to point F, permeability and volumetric strain are still increasing but at a 
lower rate and the stress reaches the residual strength level. Because of the fluid 
storage limit the measurement was stopped beyond point F. After the macroscopic 
failure (final fracture) has taken place fluid flow will mostly occur inside the 
macroscopic fracture which is beyond the scope of this research.  
The observations revealed a strong correlation between permeability and volumetrical 
strain. The measured permeability evolution for 3 samples including linear fitting is 
shown in Figures 5.12 ~ 5.14. 
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Figure 5.12: Permeability and volumetrical strain evolution for sample EiII.HM.1. 
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Figure 5.13: Permeability and volumetrical strain evolution for sample EiII.HM.3. 
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(a). Permeability and volumetrical strain 
 vs. time. 
(b). Linear fitting for permeability  
and volumetrical strain. 
Figure 5.14: Permeability and volumetrical strain evolution for sample EiII.HM.4. 
The sudden strong increase in permeability during a later period (after 1250 min) of 
sample EiII.HM.4 (Fig. 5.14 (a)) is probably caused by a developed fracture, which 
penetrates the whole sample. Otherwise a linear relation between permeability and 
volumetrical strain is observed. The fitting functions with excellent correlation 
coefficients for the 3 samples are: 
EiII.HM.1: 
 
 
EiII.HM.3: 
 
 
EiII.HM.4:  
  vk ε⋅×−×= −− 1518 1054.11098.9  (m2) 
Pearson's R = -0.987   Adjusted R2 = 0.973 
 vk ε⋅×−×= −− 1518 1058.11073.9  (m2) 
Pearson's R = -0.972   Adjusted R2 = 0.944 
 vk ε⋅×−×= −− 1517 1056.21045.1  (m2) 
Pearson's R = -0.988   Adjusted R2 = 0.974 
(5.11)
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The fitting functions for EiII.HM.1 and EiII.HM.2 are very consistent. The function 
for EiII.HM.4 shows a 40 % difference compared to the first two. By taking into 
account the differences observed already in the initial stage, it can be considered as a 
natural variation. The correlation coefficients confirm the correctness of linear fitting. 
Thus the linear fitting function can be used to represent the relation between 
permeability and volumetrical strain revealed from tests. Therefore, this linear relation 
is used to establish a permeability evolution model. 
5.4 Hydro-mechanical coupled numerical simulations of compressive triaxial 
tests for Eibenstock granite 
The modified constitutive law described in Chapter 2 was extended by the relation 
between permeability and deformation as given above. 
5.4.1 Elemental permeability evolution 
Based on the linear relation between permeability and volumetrical strain according to 
Eq.(5.11), the elemental permeability can be calculated as (superior letter e means 
“elemental”)： 
 ev
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where k0 is initial permeability and Kε is linear coefficient. 
As rock elements deform and suffer damage according to the mechanical degradation 
and dilation rules, their permeability changes accordingly. Together with the initial 
mechanical heterogeneity, these changes will initiate random elemental failure that 
leads to strong localization and high permeable channels. The linear relation 
parameters were obtained from laboratory tests and deduced from the flow rate 
through the sample and the macroscopic volumetrical deformation. Thus, this relation 
cannot be applied to describe elemental permeability evolution directly.  
A damaged numerical model at the residual strength stage and 10 MPa effective 
confining pressure was chosen to determine the linear relation parameter for the 
elemental scale. The volumetrical strain distribution of the model is shown in 
Figure 5.15. The initial permeability k0 was set as 5 × 10-18 m2, the permeability was 
calculated by Eq.(5.12) with different linear coefficient Kε. The flow rate of each Kε 
was measured for the whole sample. The sample flow rate and elemental permeability 
distribution are listed in Figure 5.16, where the yellow line is the flow rate for initial 
permeability and the purple one is the flow rate after permeability change. 
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Figure 5.15: Volumetrical strain of the typical damaged model. 
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(e) Kε = 500k0       (f) Kε = 660k0 
 
       0     2.5E-17    5.0E-17        10.0E-17        15E-17          20E-17 (m2) 
Figure 5.16: Elemental permeability distribution and sample's flow rate calculated from different linear 
coefficient Kε (X axis: time step; Y axis: flow rate). 
The relation between macro permeability k and linear coefficient Kε is shown in 
Figure 5.17. 
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Figure 5.17: Macroscopic permeability and linear coefficient Kε. 
Based on the permeability measurement during triaxial compression tests, a linear 
coefficient of 166 is chosen for Eibenstock II granite. 
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5.4.2 HM-coupled numerical simulations of triaxial tests  
The scheme for the hydro-mechanical coupled simulation of triaxial compression tests 
is shown in Figure 5.18. The mechanical loading corresponds to the conventional 
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triaxial compression tests, in which a constant confining pressure is applied and an 
axial stress is generated by moving the top and bottom section of the numerical 
sample. The sample is fully saturated during the test with a specific initial pore 
pressure being applied before the permeability test is performed. The pore pressure is 
fixed on both sides (top and bottom) to simulate constant fluid pressure. Permeable 
boundaries are applied at the top and bottom of the sample. The fluid flow simulation 
can be either coupled or uncoupled with the mechanical loading process. 
 
Figure 5.18: Scheme of HM-coupled numerical simulation for triaxial compression test. 
 
A flow chart for the HM-coupled numerical simulation of laboratory tests is shown in 
Figure 5.19. The parameters used in numerical simulations are listed in 
Table 5.1 ~ 5.3. 
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Figure 5.19: Flow chart of HM-coupled numerical simulation procedure. 
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Table 5.1: General model parameters. 
Sample size Elements Loading rate Confining pressure Distribution parameters  
(cm) / (m/step) (MPa) m β 
5 × 10 96000 5 × 10-8 20 20 1.05 
Table 5.2: Mechanical model parameters. 
Mechanical parameters Fitting parameters (for SI unit system) 
Elastic modulus E (GPa) 31 A 0.37 A2 6.4 
Poisson' ratio ν 0.26 B 0.52 B2 2.35 
Uniaxial compressive strength σci (MPa) 106 C -8.46 C2 -1.14 × 10-7 
Hoek–Brown 
parameters 
 mb 42 A1 0.026 A3 6.64 
 s 1.0 B1 0.075 B3 1.94 
 a 0.5 C1 -9.8 × 10-8 C3 -2.16 × 10-7 
Table 5.3: Hydraulic model parameters. 
Fluid 
modulus 
Kf 
Fluid 
density 
ρf 
Initial 
permeability 
k 
Porosityφ  
Initial Biot 
coefficient
α 
Biot 
modulus
M 
Fluid 
Pressure 
P 
Linear 
coefficient
Kε 
(GPa) (kg/m3) (m2) (%) / (GPa) (MPa) / 
2.2 1000 5×10-18 2 0.4 60 P1 10.25, P2 9.75 166 
A comparison between simulated and laboratory results for the triaxial compression 
test under 20 MPa confining pressure and 10 MPa fluid pressure is shown in Figures 
5.20 ~ 5.23. Figure 5.24 ~ 59 display the fracture development, deformation and 
permeability evolution during the failure process for the selected loading points 
marked in Figure 5.20. 3-dimensional views of the samples at final stage are shown in 
Figure 5.28 ~ 31. Simulation results for fluid pressure of 10 MPa and various 
confining pressures (15 MPa, 30 MPa, 40 MPa) are shown in Figure 5.32 ~ 5.40. 
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Figure 5.20: Vertical stress vs. vertical strain (simulation and lab results). 
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Figure 5.21: Vertical stress vs. lateral strain (simulation and lab results). 
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Figure 5.22: Volumetrical strain vs. vertical strain (simulation and lab results). 
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Figure 5.23: Permeability vs. vertical strain (simulation and lab results).
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      Unit: Pa 
Figure 5.30: Degraded uniaxial compressive strength at stage k (σci < 5.5×107 Pa) in 3D view (see also 
Figure 5.20 ~ 5.23). 
 
Figure 5.31: Volumetrical strain at stage k (εv >5 %) in 3D view (see also Figure 5.20 ~ 5.23). 
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Figure 5.32: Shear strain at stage k (ετ >3 %) in 3D view (see also Figure 5.20 ~ 5.23). 
        Unit: m 
Figure 5.33: Displacement vectors at stage k in 3D view (m) (see also Figure 5.20 ~ 5.23). 
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      Unit: m2 
Figure 5.34: Permeability at stage k (k > 1.5 × 10-16 m2) in 3D view (see also Figure 5.20 ~ 5.23). 
        Unit: m/sec 
Figure 5.35: Flow vectors at stage k in 3D view (see also Figure 5.20 ~ 5.23). 
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Figures 5.36 ~ 5.38 show simulation results for triaxial tests under 15 MPa confining 
pressure and 10 MPa fluid pressure. 
 
        
    3.0E7          5.0E7        7.0E-7         9.0E7     1.05E8     1.2E8 Unit: Pa 
Figure 5.36: Uniaxial compressive strength evolution for simulated triaxial compression test. 
 
 
           2.5E-18     3.0E-17    6.0E-17   9.0E-17    1.2E-16    1.5E-16  Unit: m2  
Figure 5.37: Permeability evolution for simulated triaxial compression test. 
 
 
Figure 5.38: Flow evolution for simulated triaxial compression test (m/sec). 
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Figures 5.39~5.41 show simulation results for triaxial tests under 30 MPa confining 
pressure and 10 MPa fluid pressure. 
 
 
          6.0E7         8.0E7       9.5E-7         1.15E8         1.3E8  Unit: Pa 
Figure 5.39: Uniaxial compressive strength evolution for simulated triaxial compression test. 
 
 
            2.0E-18     1.5E-17     3.0E-17    4.5E-17        7.0E-17  Unit: m2 
Figure 5.40: Permeability evolution for simulated triaxial compression test. 
 
 
Figure 5.41: Flow evolution for simulated triaxial compression test (m/sec). 
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Figures 5.42~5.44 show simulation results for triaxial tests under 40 MPa confining 
pressure and 10 MPa fluid pressure. 
 
 
                 7.0E7      8.5E7      1.0E8     1.15E8    1.3E8  Unit: Pa 
Figure 5.42: Uniaxial compressive strength evolution for simulated triaxial compression test. 
 
 
           2.0E-18    1.5E-17     3.5E-17   5.0E-17   6.50E-17   8.0E-17  Unit: m2 
Figure 5.43: Permeability evolution for simulated triaxial compression test. 
 
 
Figure 5.44: Flow evolution for simulated triaxial compression test (m/sec). 
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5.5 Conclusions 
This chapter describes the permeability evolution of rock samples during the failure 
process. Based on literature data and own measurements a general rule for the 
permeability evolution of low porous rocks was developed for the laboratory scale.  
The permeability of Eibenstock II granite was measured during the complete triaxial 
compression test. Permeability decreases in the initial loading stage, then the rate of 
decrease becomes smaller as the compressive volumetrical strain rate gradually 
decreases. Once dilation starts (increase in volumetrical strain) permeability increases 
dramatically. In the residual strength stage (before the micro fracture penetrates the 
whole sample) permeability is still increasing but the corresponding rate is becoming 
smaller.  
By analyzing the permeability evolution during the complete triaxial compression 
tests, a strong linear relation between permeability and volumetrical strain was 
observed, and a linear function was extracted.  
By adding the linear relationship between permeability and volumetrical strain to the 
modified constitutive model established in Chapter 3 and 4, a fully hydro-mechanical 
coupled numerical simulation scheme was developed and implemented in FLAC3D. A 
series of numerical simulations of triaxial compression tests considering the 
hydro-mechanical coupling were performed with FLAC3D. A good agreement was 
found between the numerical simulation results and the laboratory measurements 
under 20 MPa confining pressure and 10 MPa fluid pressure. 
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Chapter 6 
Conclusions and prospects  
6.1 Conclusions 
 The fluid flow and mechanical theoretical models have been reviewed and the 
theoretical methods to solve hydro-mechanical coupled problems of porous 
medium such as flow equations, elasto-plastic constitutive equations, and Biot 
coupled control equations have been summarized. 
 A series of laboratory tests have been conducted on the granite from 
Erzgebirge–Vogtland region within the Saxothuringian segment of Central 
Europe, including: permeability measurements, ultrasonic wave speed 
measurements, Brazilian tests, uniaxial and triaxial compression tests. A 
hydro-mechanical coupled testing system has been designed using own apparatus 
and devices and then used to conduct drained, undrained triaxial compression 
tests and permeability evolution measurements during complete loading process. 
A set of physical and mechanical parameters were obtained: density, porosity, 
static/dynamic elastic modulus, Poisson’s ratio, tensile strength, compression 
strength under various confining pressures, Hoek-Brown strength parameters, 
Mohr-Coulomb strength parameters, drained/undrained bulk modulus, 
permeability, Biot’s and Skempton coefficients. 
 Some typical characteristics such as elastic compression and confining pressure 
dependent strength degradation and volume dilation in the post-failure region 
were revealed based on analyzing the complete stress-strain curves obtained from 
triaxial compression tests. With the increase of confining pressure, the ductile 
characteristics of granite become more obvious, plastic deformation as well as 
peak and residual strength are enhanced, and finally the volume dilation tends to 
become stable. Based on these findings a modified elemental elasto-plastic 
constitutive law was developed which includes strength degradation, volume 
dilation and adoption of flow rule for the Hoek-Brown failure criterion. All the 
parameters used in this constitutive law can be obtained from triaxial 
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compression stress-strain curves, the strength degradation and volume dilation 
can be described quantitatively by it and the influence of confining pressure can 
be well represented according to Hoek-Brown failure criterion. Although this 
constitutive mode was established according to the tests on brittle granite, it can 
also be extended to other types of rock or soil. 
 The mechanism of HM-coupled behavior was described according to the Biot 
theory of elastic porous medium. The evolution rule for Biot’s coefficient was 
summarized by literature data and own tests. The Biot's coefficient α tends 
towards one during the loading process and should be close to one near to peak 
strength, because the micro structure changes during the loading by unstable 
micro-crack growth. A constant Biot's coefficient will lead to an overestimation 
of the effective stresses thus overestimates the peak strength of the rock sample. 
A trilinear evolution model for the Boit's coefficient was established to eliminate 
the disadvantage caused by constant Biot’s coefficient.  
 The permeability evolution of low porous rock during the failure process was 
described based on literature data and own measurements. A general rule for the 
permeability evolution was developed for the low porous granite at laboratory 
scale: permeability decreases in the initial loading stage, because the rate of 
decrease becomes smaller as the compressive volumetrical strain rate gradually 
decreases. Once dilation starts permeability increases dramatically. In the residual 
strength stage (before the micro fracture penetrates the whole sample) 
permeability is still increasing but the corresponding rate is becoming smaller. A 
strong linear relation between permeability and volumetrical strain was observed 
by analyzing the permeability evolution during the complete triaxial compression 
tests, and a linear function was extracted to predict permeability evolution during 
loading process based on own measurements. 
 By combining the modified constitutive law, the trilinear Biot’s coefficient 
evolution model and the linear relationship between permeability and 
volumetrical strain, a fully hydro-mechanical coupled numerical simulation 
scheme was developed and implemented into FLAC3D. A series of numerical 
simulations of triaxial compression tests considering the hydro-mechanical 
coupling were performed with FLAC3D. A good agreement was found between 
the numerical simulation results and the laboratory measurements under 20 MPa 
confining pressure and 10 MPa fluid pressure, the feasibility of this fully 
hydro-mechanical coupled model was proven. 
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6.2 Main contribution of thesis 
 Designed a hydro-mechanical coupled triaxial compression testing system, 
obtained a set of physical and mechanical parameters of granite from 
Erzgebirge–Vogtland zone; 
 Developed a modified elemental elasto-plastic constitutive law which can 
represent strength degradation, volume dilation with considering of the influence 
of confining pressure; 
 Established a trilinear evolution model for the Boit's coefficient to eliminate the 
disadvantage caused by constant Biot’s coefficient. 
 Established a linear function to predict permeability evolution during loading 
process based on the linear relation between permeability and volumetrical strain 
observed from own measurements. 
 Developed a fully hydro-mechanical coupled numerical simulation scheme by 
combining the modified constitutive law, the trilinear Biot’s coefficient evolution 
model and the linear relationship between permeability and volumetrical strain. 
6.3 Inadequacies and Prospects 
Although this thesis obtains good results to represent hydro-mechanical coupled 
behavior at laboratory scale, some inadequacies should be pointed out: 
 The actual damage process of rock is extremely complex which cannot be 
completely represented by a single constitutive model, the constitutive model 
developed in this thesis assumes that volume dilation occurs after peak strength 
which is different from actual situations, my constitutive model ignores the 
non-linear deformation behavior prior to peak strength; 
 The research method of this thesis is based on continuum theory which can 
simulate the macroscopic mechanical behavior of rock sample during loading 
process well, but cannot accurately represent the failure mechanism caused by 
microscopic cracks development, the macroscopic shear band formed by failed 
elements differs from the actual failure pattern. 
 Phenomenology-based permeability evolution model can well predict the 
permeability change of selected rock samples (grainte), but may not suitable for 
other types of brittle rock, the feasibility and related parameters should be 
checked when study object changes.  
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Further studies should add the fllowing topics:  
 Study of the mechanical behavior before peak strength and establishment of a 
constitutive model which can represent non-linear behavior for both stages, the 
pre- and post failure region. 
 A connected macro-fracture network appears in rock sample at the last stage of 
failure process, which leads to fracture flow different from porous flow, how to 
link these two flow styles is worth researching;  
 The continuum method is effective for calculation of macroscopic phenomena, 
and the discontinuum method has more advantages to represent a microscopic 
failure mechanism. How to couple the two methods is of importance for further 
research. 
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Appendix: Laboratory data of granite 
This appendix contains mechanical data of granite from the Erzgebirge and the 
Lausitz, Saxony, Germany. The tests were done in the rock mechanical laboratory of 
the Geotechnical Institute at the TU Bergakademie Freiberg. Rock sample location 
and group number are listed in Table A1, and all the parameters are listed in Table 
A2~A5. 
Table A1: Summery of basic mechanical parameters. 
Location Density [t/m3] σu[MPa] σt [MPa]
Static 
E-Modul 
[GPa] 
Dynamic 
E-Modul 
[GPa] 
Poisson’s
ratio 
[dyn.] 
1-Königsbrück 2.72±0.01 99.35±15.01 
11.28±1.2
4 
69.11±
4.56 
62.85± 
11.59 0.25±0.03
2-Schwarzkollm 2.63±0.01 133.34±23.29 
13.31±1.2
2 
68.56±
1.25 67.68±6.49 0.27±0.02
3-Horka 2.6±0.02 118.85±11.56 7.53±1.37
29.62±
0.33 20.04±5.74 0.25±0.02
4-Miltitz 2.68±0.02 118.92±16.78 9.37±1.33
43.49±
0.92 32.35±5.29 0.2±0.04
5-Wiesa 2.67±0.01 128.73±21.09 8.11±1.31
56±
2.04 54.75±3.69 0.22±0.03
6-Demitz-Thumitz 
hell 2.68±0.01 
134.06±
8.69 7.58±0.62
34.49±
0.23 25.35±6.35 0.16±0.04
7-Demitz-Thumitz 
dunkel 2.72±0.01 
99±
3.32 9.32±0.80
60.06±
0.83 53.39±4.48 0.2±0.04
8-Demitz-Thumitz 
verwittert 2.67±0.02 
69.7±
15.08 5.33±0.78
46.93±
8.99 43.68±2.81 0.20±0.06
9-Kirchberg 
Heilmann 2.6±0.01 
160.35±
29.03 
10.81±0.3
3 
58.31±
0.76 55.78±1.87 0.22±0.03
10-Steinberg 
Wildenau 2.59±0.03 
159.07±
22.21 
11.77±1.3
2 
54.62±
1.18 49.73±1.03 0.19±0.03
11-Blauenthal 
Hahn 2.58±0.04 
83.15±
4.03 7.35±0.67
41.67±
0.55 35.83±1.10 0.23±0.02
12-Zschorlau 2.59±0.02 72.98±10.35 5.58±0.74
29.46±
1.75 31.15±1.86 0.23±0.03
13-Burkhardtsgrün  2.59±0.01 99.34±21.02 7.13±1.09
44.09±
3.54 39.72±2.75 0.24±0.03
14-Blauenthal 
Fahsel 2.58±0.01 
100.62±
42.76 9.82±1.08
42.39±
3.38 42.3±2.11 0.23±0.02
15-Aue 2.63±0.01 153.7±11.15 9.21±1.78
47.55±
2.75 49.59±1.26 0.23±0.04
16-Eibenstock I 2.59±0.02 98.15±7.4 6.45±0.91
34.84±
2.95 37.43±2.40 0.25±0.02
17-Eibenstock II 2.59±0.02 120.54±11.78 7.02±0.83
31.22±
1.88 21.09±1.34 0.26±0.03
18-Kirchberg I 2.64±0.02 140.44±11.56 9.36±1.53
52.09±
2.85 49.09±8.26 0.27±0.02
19-Kirchberg II 2.63±0.01 193.35±11.57 
12.58±2.4
8 
64.48±
2.09 62.64±5.83 0.22±0.04
20- Wiesenbad 2.62±0.02 152.14±17.98 8.6±1.53 
42.87±
9.27 41.82±5.53 0.25±0.02
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Data source:  
 
Group 1 ~ 8: Haertling, K. (2011) 
 
Group 9 ~ 14: Fuchs, S (2011) 
 
Group 15 ~ 20: Laboratory results of own research.  
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Figure A1: Graphic presentation of parameter mean value and standard deviation (Haertling 2011) 
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Figure A2: Graphic presentation of parameter mean value and standard deviation (Fuchs 2011). 
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Figure A3: Graphic presentation of parameter mean value and standard deviation (own measurement). 
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Figure A4: Density and uniaxial strength data for all tested samples. 
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Figure A5: E-modulus and Poisson's ration for all tested samples. 
Figure A6: Photographs of granite samples. 
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Figure A6: Photographs of granite samples 
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15-Aue 16-Eibenstock I 
 
17-Eibenstock II 18-Kirchberg I 
 
19-Kirchberg II 20-Wiesenbad 
Figure A7: Cross section photographs of granite samples. 
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Figure A8: Results of triaxial compression test (Group 15-Aue). 
 Hoek-Brown  Classification 
 intact uniaxial comp. strength (sigci) = 149.58 MPa 
 GSI = 100    mi = 30.399    Disturbance factor (D) = 
 intact modulus (Ei) = 47550 MPa 
 Hoek-Brown  Criterion 
 mb = 30.40    s = 1.00    a = 0.50 
 Mohr-Coulomb  Fit 
 cohesion = 26.62 MPa    friction angle = 53.22 deg 
 Rock Mass Parameters 
 tensile strength = -4.92 MPa 
 uniaxial compressive strength = 149.58 MPa 
 global strength = 157.78 MPa 
 deformation modulus = 47280.32 MPa 
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Figure A9: Results of triaxial compression test (Group 16-Eibenstock I). 
 Hoek-Brown  Classification 
 intact uniaxial comp. strength (sigci) = 95.563 MPa 
 GSI = 100    mi = 18.105    Disturbance factor (D) = 
 intact modulus (Ei) = 34840 MPa 
 Hoek-Brown  Criterion 
 mb = 18.11    s = 1.00    a = 0.50 
 Mohr-Coulomb  Fit 
 cohesion = 20.66 MPa    friction angle = 45.40 deg 
 Rock Mass Parameters 
 tensile strength = -5.28 MPa 
 uniaxial compressive strength = 95.56 MPa 
 global strength = 92.43 MPa 
deformation modulus = 34642.40 MPa
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Figure A10: Results of triaxial compression test (Group 17-Eibenstock II). 
 Hoek-Brown  Classification 
 intact uniaxial comp. strength (sigci) = 118.537 MPa 
 GSI = 100    mi = 39.274    Disturbance factor (D) = 
 intact modulus (Ei) = 31320 MPa 
 Hoek-Brown  Criterion 
 mb = 39.27    s = 1.00    a = 0.50 
 Mohr-Coulomb  Fit 
 cohesion = 23.66 MPa    friction angle = 53.73 deg 
 Rock Mass Parameters 
 tensile strength = -3.02 MPa 
 uniaxial compressive strength = 118.54 MPa 
 global strength = 132.80 MPa 
 deformation modulus = 31142.37 MPa 
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Figure A11: Results of triaxial compression test (Group 18-Kirchberg I). 
 Hoek-Brown  Classification 
 intact uniaxial comp. strength (sigci) = 113.731 MPa 
 GSI = 100    mi = 36.48    Disturbance factor (D) = 0 
 intact modulus (Ei) = 52090 MPa 
 Hoek-Brown  Criterion 
 mb = 36.48    s = 1.00    a = 0.50 
 Mohr-Coulomb  Fit 
 cohesion = 23.07 MPa    friction angle = 52.84 deg 
 Rock Mass Parameters 
 tensile strength = -3.12 MPa 
 uniaxial compressive strength = 113.73 MPa 
 global strength = 125.08 MPa 
 deformation modulus = 51794.57 MPa 
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Figure A12: Results of triaxial compression test (Group 19-Kirchberg II). 
 Hoek-Brown  Classification 
 intact uniaxial comp. strength (sigci) = 195.547 MPa 
 GSI = 100    mi = 22.654    Disturbance factor (D) = 
 intact modulus (Ei) = 64480 MPa 
 Hoek-Brown  Criterion 
 mb = 22.65    s = 1.00    a = 0.50 
 Mohr-Coulomb  Fit 
 cohesion = 32.27 MPa    friction angle = 52.41 deg 
 Rock Mass Parameters 
 tensile strength = -8.63 MPa 
 uniaxial compressive strength = 195.55 MPa 
 global strength = 195.21 MPa 
 deformation modulus = 64114.30 MPa 
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Figure A13: Results of triaxial compression test (Group 20-Wiesenbad). 
 Hoek-Brown  Classification 
 intact uniaxial comp. strength (sigci) = 153.382 MPa 
 GSI = 100    mi = 31.131    Disturbance factor (D) = 
 intact modulus (Ei) = 42870 MPa 
 Hoek-Brown  Criterion 
 mb = 31.13    s = 1.00    a = 0.50 
 Mohr-Coulomb  Fit 
 cohesion = 26.99 MPa    friction angle = 53.59 deg 
 Rock Mass Parameters 
 tensile strength = -4.93 MPa 
 uniaxial compressive strength = 153.38 MPa 
 global strength = 162.62 MPa 
deformation modulus = 42626.86 MPa
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Table A2: Triaxial compression tests result: stress at peak load. 
Location Sigma3 (MPa) Sigma1 (MPa) 
15-Aue 
0 149.6 
10 270.5 
20 356.6 
30 428.5 
16-Eibenstock I 
0 95.6 
10 172.6 
20 229.1 
30 277.1 
17-Eibenstock II 
0 118.5 
5 198.2 
10 256.2 
20 347.4 
30 422.1 
18-Kirchberg I 
0 113.7 
10 243.3 
20 329.7 
30 400.7 
19-Kirchberg II 
0 195.5 
10 297.3 
20 376.1 
30 443.7 
20-Wiesenbad 
0 153.4 
10 277.0 
20 365.0 
30 438.4 
 
Table A3: M-C parameters deduced from triaxial tests. 
Location Friction angle [°] Cohesion [MPa] 
15-Aue 53.22 26.62 
16-Eibenstock I 45.40 20.66 
17-Eibenstock II 53.73 23.66 
18-Kirchberg I 52.84 23.07 
19-Kirchberg II 52.41 32.27 
20-Wiesenbad 53.59 26.99 
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Figure A14: Graphic presentation of cohesion and friction angle. 
 
Table A4: Fracture toughness (Mode I). 
Fracture toughness (MPa·m1/2) CCNBD CB 
16-Eibenstock I 0.81±0.1 1.42±0.03 
17-Eibenstock II 0.81±0.1 1.5±0.07 
18-Kirchberg I 0.96±0.23 2.13±0.13 
19-Kirchberg II 1.26±0.1 2.13±0 
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Figure A15: Graphic presentation of fracture toughness. 
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Table A5: Initial permeability (Group 17-Eibenstock II). 
Group Permeability(e-18 m2) Porosity(%) Method 
17-EiII.Tri.3/1 13.2±0.18 2.08 Steady flow test 
17-EiII.HM.1 13.42±0.42 2.30 Transient pulse test
17-EiII.HM.2 8.05±0.31 1.60 Steady flow test 
17-EiII.HM.3 5.17±0.36 1.58 Steady flow test 
17-EiII.HM.4 5.03±0.57 1.63  Steady flow test 
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Figure A16: Graphical presentation of permeability (Group 17-Eibenstock II). 
 
Table A6: Measured and calculated parameters for drained and undrained tests (group 
17-Eibenstock II). 
 EiII.HM.1 EiII.HM.3 EiII.HM.4 Remarks 
Porosity φ  (%) 2.30 1.58 1.63 measured 
Bulk modulus K (GPa) 27.5 29 29 measured 
Biot's coefficient α 0.41 0.36 0.35 measured 
H modulus (GPa) 66.3 81 84 measured 
Biot modulus M (GPa) 57.32 67.69 67.13 calculated 
Solid bulk modulus Ks (GPa) 46.61 45.31 44.62 calculated 
Undrained bulk modulus Ku (GPa) 43.60 46.70 45.49 calculated 
Skempton coefficient B 0.60 0.60 0.63 calculated 
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